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Identifying Targets Of Six Regulatory Transcription Factor In Ephydatia Muelleri: In 
Analysis Of Conserved Gene Regualtory Networks  
 
 
Abstract 
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 Sponges are the descendants of the oldest members of the metazoan phylogenetic 
lineage and their genome contains animal specific genes but lack true tissues, organ 
systems, and neurons. Thus, the sponge model system can be used to elucidate origin of 
developmental processes. The PSED (RDGN) network (Pax/Six/Eya/Dac) is important in 
development of eyes, muscles, and other structures in Bilaterians. Similarly, sponges 
contain a precursor Pax-Six gene network. The Ephydatia muelleri (Em) PaxB protein 
binds to a Pax2/5/8 consensus sequence site and two cis-regulatory elements upstream 
and one intron sequence of EmSix1/2 (Rivera et al., 2013). Our project aimed to 
determine if transcription factor EmSix1/2 binds upstream of EmPaxB using gel shift 
mobility assays, identify other downstream targets of EmSix1/2 using DNA 
immunoprecipitation, and to identify the recognition sequence of Six in sponges through 
sequencing. In conclusion, purified EmSix binds to DNA specific fragments (1 and 3),
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which may contain enhancer sequences located in the PaxB promoter region.Possible 
consensus recognition sequence of Six in sponges were also identified.  
The host immune response has various mechanisms to protect the organism from 
infections and invasions of microorganisms and cell damaging chemicals. One such 
mechanism is the elimination of reactive oxygen species aided by superoxide dismutase 
(SOD). A study showed that anti-neutrophil chemotactic factor antibodies recognize 
Tritrichomonas foetus SOD (Granger et al., 1997). During first casualties, SOD is 
released and triggers a host immune response. The parasites could use SOD to counter 
oxidative attacks by the leukocytes and damaged cells to protect surrounding parasites. 
We used the parasite Trichomonas vaginalis that causes trichomoniasis  to determine if 
SOD acts a neutrophil (or other leukocyte) chemotactic factor in this parasite and 
characterize the expression and secretions of epithelial cells when treated with SOD6. 
HeLa cells treated with SOD6 showed an increase in the expression of IL-8 chemokine 
relative to TrxR treated cells. Scratch test assays showed that SOD may act as a 
macrophage chemoattractant as compared to TrxR but further tests are needed to confirm 
this. 
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Chapter 1: Introduction 
Six Transcription Factor         
Phylogenetic significance of Phylum Porifera.  When multicellular organisms 
emerged from single-celled ancestors over 600 million years ago, it was necessary that 
the mechanisms for directing cell division, growth, specialization, adhesion and death 
also evolve. If these mechanisms are disrupted or fail to fulfill their function, then it 
results in diseases such as cancers and autoimmune diseases (Srivastava et al., 2010). 
Metazoan multicellularity thus holds the key for better understanding of dysfunction 
mechanisms that result in certain diseases.    
Species of the Phylum Porifera (sponges) are the oldest existing relics of the 
metazoan phyletic lineage. This distinctive role held by the sponges leads to important 
indications about the origin of developmental processes such as patterning of body plans, 
emergence of sensory organs, and specification of cells. Initially in the nineteenth 
century, the lack of gut and a nervous system related sponges to the ‘Parazoa,’ which was 
a position lower than ‘Eumetazoa’ (true animals including bilaterians, cnidarians, and 
ctenophores). Yet, sponges share crucial animal-specific signaling genes, genes important 
for developmental transcription factors, and structural genes with the eumetazoans. 
Choanoflagellates are the closest existing relatives of the metazoans but the animal-
specific genetic toolkit is absent in most members (King et al, 2008).  In fact, sponge 
genome consists of animal-specific genes without the presence of animal-specific traits 
like tissues, organ systems, and neurons. This indicates that this toolkit evolved before
14 
 
the divergence of the sponges from the metazoans as shown in Figure 1 (Rivera et al, 
2013). With the emergence of more complex and diverse organisms the same basic 
genetic toolkit was expanded and developed for new functions.   
 
 
            
            
            
            
            
            
            
            
            
            
            
 
 
 
 
Figure 1. Phylogenetic relationships between metazoans and the chonoflagellates. The 
tree shows that the metazoan multicellularity originated after the sponges diverged from 
the choanoflagellates and before the sponges diverged from the eumetazoans (Adamska 
et al, 2007).    
 
 
 
Despite having simple body plans, sponges possess an extensive complex genome 
in terms of gene content and functional repertoire (Harcet et al, 2010). Many studies have 
shown that sponges may have stem cells, contractions that are like peristalsis, and react to 
environmental stimulus. Furthermore, sponge cell types are involved in animal cell like 
characteristics of cell to cell communication, signaling, complex epithelia, immune 
recognition, and germ-lineage/sex (Reisgo et al, 2014). All these unique characteristics 
make it noteworthy to study the poriferans and develop a better understanding of 
molecular mechanisms and developmental regulation and pathways.  
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Sponge cell structure and function. Sponges are sessile benthic organisms that 
filter feed bacteria and picoplankton (Moore, 2001). They are sedentary metazoans that 
use a single layer of flagellated cells called choanocytes to pump water unidirectionally 
through its body. Without having true tissues and organs, poriferan cells have a 
considerable degree of independence. Sponges have no fixed body shape, no plane of 
symmetry, and the whole body is perforated with pores. There are currently 8500 species 
of sponges that are recognized and most reside in marine environments ranging from the 
deep ocean to intertidal zones (Appeltans et al, 2012). One group of sponges live in 
freshwater and inhabit caves, deserts, and lakes. Sponges can range in size from a few 
millimeters to a few meters. Sponges are unique in that they have independent constituent 
cells but at the same time they ensure that the entire cell mass can effectively pump water 
to fulfill all essential functions. The sponge body is organized around a system of pores, 
ostia, canals, and chambers.      
The structure and organization of the adult sponge is composed of canals layered 
with epithelial cells (Figure 2A). The outermost layer is comprised of highly flattened 
epithelial cells called pinacocytes that separate the organism from the environment 
(Simpson, 1984). These cells cover and anchor the sponge and have specialized 
organization in the class hexactinellida. The pinacoderm can be simple or can be folded 
to produce internal cavities. Another single-layered epithelium is found in the inner lining 
of the spongoceol, called the choanoderm. This layer is made up of flagellated 
choanocytes (collar cells) that function in moving of the water current and aid in 
phagocytosis of food particles as seen in Figure 2B. The base of the flagella is surrounded 
by mucus covered fingerlike projections that form a collar to trap any particulates.  
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Lying in between the pinacoderm and the choanoderm is a connective tissue layer 
called the mesohyl. The increase in size and complexity in the evolution of various 
sponge classes depend on the composition of the mesohyl. The organic and inorganic 
skeletal components are organized and secreted within the mesohyl as well. The mesohyl 
has dispersed calcareous or silica spicules and spongin fibers that functions as a skeleton 
to provide a support framework to the sponge. Spicules may also act as projections 
through the epidermis to help protect the sponge. Calcium carbonate spicules are Y-
shaped and function to solidify the mesohyl (Alexander, 1979). These spicules also 
contain some magnesium ions. Silica spicules consist of silica and organic matter in the 
center of the rays. Silceous spicules or sand grains are usually parts of spongin fibers. 
Larger supporting spicules are called megascleres and smaller ones are termed 
microscleres. There are also a variety of shapes of spicules including monaxons, triaxons, 
and polyaxons. In contrast to the inorganic skeleton, the organic skeleton is made of 
collagen fibers.        
Besides the choanocytes and pinacocytes there are at least 14 other cell types in 
sponges. Porocytes line the inhalant canals and function as a part of the pore canals. 
Contractile porocytes not only regulate the diameter of the canals but can also open or 
close the pores (Dunn et al, 2015). Shared pinacocyte and porocyte cellular contents 
include mitochondria, phagosomes, and contractile vacuoles for the freshwater sponges. 
Specialized piancocytes are the endopinacocytes and exopinacocytes. Exopinacocytes are 
‘T’ shaped cells with flat extensions that line the external epithelium of canals. 
Endopinacocytes are fusiform shaped with many thin extensions and line the internal 
epithelium of canals. Ciliated endopinacocytes are found in large exhalant canals of some 
sponges. Amoebocytes (or archeocytes) are large mobile cells found within the mesohyl. 
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These cells have the capability to undergo any kind of differentiation and thus give rise to 
any other cell. These cells are mandatory in the formation of a new sponge or during 
regeneration. The cytoplasm of amoebocytes is filled with phagosomes, rough ER, and 
multiple mitochondria. These cellular components are necessary to fulfill the cell’s 
digestion and excretion functions. These phagocytes utilize the pinacoderm canals to 
receive endocytosed material from the choanocytes.      
Other cell types function to secrete the skeleton, have inclusions, or cause 
contractions. Collenocytes secrete collagen fibers for the matrix of the sponge skeleton. 
Large and motile lophocytes are concentrated in the base of the sponge and also secrete 
fibrillar collagen (Bergquist, 1978). Since the fibers are secreted behind the moving cell, 
the secretions are referred as a collagen tail. Spongocytes secrete spongin fibers for the 
sponge skeleton. These cells are always found wrapped around a spicule or fiber and 
contains a well-developed rough ER. The formation and completion of spicules is 
performed by another type of mesohyl cell called the sclerocyte (Anderson, 1998). 
Silicon is deposited within a vacuole enclosed by an axial filament and the membrane 
surrounding this filament secretes it out. After the completion of spicule formation the 
sclerocyte degenerates. Examples of mesohyl cells that are derived from amoebocytes 
and have granules or vesicles in their cytoplasm are spherulous cells, microgranular cells, 
gray cells, globoferous cells, rhabideferous cells, and cystencytes.    
 Contractile mycocytes reside in the mesohyl near canals and oscules and are 
fusiform shaped. When subjected to a cholinesterase test, these cells are the only ones in 
the sponge that react. They have a good quantity of microtubules and microfilaments in 
their cytoplasm. Because of the contractions of these cells, it is highly debated whether 
sponges possess a nervous system or not. There are sensory cilia located within the 
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osculum that detect environmental stimuli. The genomes of some sponge species include 
genes for glutamate and GABA receptors. There is also evidence for slow signaling using 
calcium waves but is used for feeding chambers and releasing unwanted materials (Leys, 
2015). The glass sponge of the Hexactinellid class has been debated to be classified as a 
separated phylum because its body structure and cellular organization is not 
representative of the rest of the phylum. These sponges do have electrical signaling with 
action potentials that travel through syncytia (Leys et al, 1999). However, true classes of 
sponges do not undergo any action potentials and this can be identified as not having a 
true nervous system. Nevertheless, even electrical signaling of the glass sponge and slow 
signaling of the true sponges only function to protect the organism and remove any 
clogging.           
The primary functions of food processing, elimination, gas exchange, and gamete 
release aided by the cellular components of the sponge is also dependent on the chambers 
and canal systems. Porocytes form the many pores in the single sponge and these pores 
are called ostia. Porocytes form a short canal that either lead to the choanoderm or the 
spaces between incurrent canals. There is an internal and external opening to this pore 
channel. At the point which porocytes contact an exopinacocyte, psuedopodial extensions 
develop that interact with the amoebocytes. Porocytes found in the ostia do not react to 
stimulus such as light or temperature and instead contract simultaneously to open or close 
the pore channels (Weissenfels, 1980). The incurrent canal system can be variable and 
complex depending on the type of sponge. These canals are usually lined with specialized 
pinaocyctes called prosendopinacocytes. This simple structure of a canal leads to the 
sponge interior. Ostia can open directly or through a short channel to a larger space called 
the vestibule. The proper incurrent canals then carry water from this vestibule to the 
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choanocyte chambers as shown in Figure 2C. Excurrent channels also lined by 
exopinacocytes can join and make new larger channels. The larger ones eventually lead 
out to the osculum. These channels are more highly arranged than incurrent channels.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Sponge filtering and canal system. (A) Schematic of a partially sectioned 
asconoid sponge (Barnes, 1968). (B) The structure a choanocyte with a single flagellum 
surrounded by projections that form a collar. (C) The filtration system of a demosponge 
showcasing the extensively branched canal system. Water flow is going from the 
porocytes to the choanocyte chambers (Dunn et al, 2016).  
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There are three main structures of the canal systems. The first is the simplest with 
unfolded pinacoderm and choanoderm and called the asconoid (Figure 2A).  This type of 
sponge is a simple tubular unit with thin walls enclosed by a central cavity open by a 
single osculum (Adamsk et al, 2011). The next level of arrangement is found in the 
syconoid type. The folding of the choanocyte layer happens and superficial mesohyl 
thickens. Leuconoid sponges are organized with the most complexity. Flagellated cells 
are only found in choanocyte chambers with a thick mesohyl. 
The immotile adult sponge’s main function is to obtain nutrients and excrete 
waste products. The complex canal system leads to and away from choanocytes called 
chonaocyte chambers (Meech, 2008). The incurrent channels take water from the 
environment to the chonaocyte and the excurrent channels work vice versa. The incurrent 
canals have the opening junctures at the ostia and the excurrent canals at the oscules. 
Water from the environment is drawn through the ostia into the central cavity 
(spongocoel) and then the water flows out from the oscule. The flow of water coming 
into and out of the canal system is controlled by the active beating of the choanocyte 
flagella and passive movement of currents. The maximum limit of the size of particle 
entering the ostia or porocyte is 50µm in simple sponges. Amoebocytes move closer to 
the lining of the inhalant canals and unselectively phagocytize the incoming particles. 
Particle capturing can also be done through the chonaocyte collar. Particles enter 
the chambers and then get trapped in the mucus lined or fiber reticulated tentacles of the 
choanocyte. These particles then get phagocytized by the chonaocyte. Sponges may also 
supplement their feeding with dissolved nutrients available in the surrounding water. 
Since sponges do not manufacture any proteolutic enzmyes, all of digestion ocuurs 
intracellularly. Once assimilated, phagosomes with waste products are excreted to the 
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exhalant canal system or directly to the outside environment. Sponges feed on a variety 
of cells including bacteria, fungi, diatoms, dinoflagellates, and detritus. One interesting 
sponge species living the in deep waters where food particles are scarce have adapted to 
catching prey instead of filter feeding (Vacelet & Boury-Esnault, 1995). These 
carnivorous sponges use filaments from the raised hook-shaped spicules to capture small 
crustaceans.          
 Another key function for the success of the adult sponge is respiration. The gas 
exchange occurs via diffusion and in between the water and the cellular components. 
There is a large naked cell surface area along all inhalant canals where gas exchange can 
follow. This area is also available in collar projections, choanocyte surfaces, and the 
overall body surface. Effective diffusion of oxygen and CO2 requires a path less than       
1 mm, and sponge epithelia with only one cell thickness fulfills this function without any 
difficulties. Respiration rates may be related to body size (Nicol, 1961).  Lower 
respiration rates could result from low water pumping activity due to increase in percent 
of available oxygen.          
 Reproduction through sexual and asexual means is a way that sponges regenerate 
themselves. The water current influences any exchanges needed for reproduction.  Some 
sponges are hermaphrodites and others have permanent or temporary sexes. Sperm are 
released through the excurrent system and intake occurs by the incurrent system of 
another sponge (Conn, 1991). These sperm are then trapped by the choanocytes and 
moved to eggs lying in the mesohyl. Fertilization takes place in the same mesohyl where 
the zygote developed into a flagellated larva. After swimming from the adult sponge, the 
larva settles to a surface and develops into the sessile adult. Oviparous species eject their 
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eggs via the excurrent canals or by closure of the dermal membrane. Larvae are extruded 
through similar means in viviparous organisms.   
Asexual reproduction occurs by fragmentation, budding, and gemmules. 
Fragmentation is a type of budding in which tissue are fragmented and released. Physical 
wave action due to storms may fragment tissues and then their release can generate new 
functional sponges. A second type of fragmentation results from pinching off parts of the 
sponge covering so that smaller individuals arise. Expelled free floating asexual buds can 
give rise a new animal. Other types of buds also exist. Freshwater sponges and some 
marine species are also capable of producing special dormant asexual structures called 
gemmules. These have the ability to develop into adults at the appropriate time and 
conditions.          
 Classification of Sponges. Phylum Porifera is subdivided into three classes: 
Class Calcarea or Calcispongiae, Class Hexatinellida or Hyalospongiae, Class 
Demospongiae. Class calcarea are characterized by spicules made of calcium carbonate. 
Genera Leucosolenia, Sycon, and Grantia are represeantitives of this class. The 
calcareous spicules are separate and are monoaxons, or three- or four- pronged (Barnes, 
1968). Structures of sponges include asconoid, syconoid, and leuconoid.  Species within 
this class have a range of pigments such as bright yellow, red, and lavender. The 
calcareans are not as big in size as other classes and average to a height of 10 cm. Most 
species live in shallow coastal water.        
 Class Hexatinellida or glass sponges have spicules made from silicon and are 
triaxon or six-pointed. Spicules may also fuse to make a lattice-like skeleton, which help 
give them a glass-like appearance. These sponges do not tend to form colonies and are 
the most symmetrical and individualized. These pale colored sponges are usually cup or 
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vase shaped that range from 10 to 30 cm in height. The canals are radially organized into 
parallel planes. This means the type of arrangement is syconoid and somewhat leuconoid.  
Pinacocutes do not have an epidermis and instead have netlike syncytium formed by 
pseudopodia of amoebocytes (Leys et al, 2007). Glass sponges reside in deep oceans in 
tropical areas.           
 The greatest number of species is part of the Class Demospongiae. Amoebocytes 
have pigment granules in the cytoplasm and account for the bright colored sponges of this 
class. The organization is irregular and leuconoid. Shapes of these sponges are like fans, 
vases, and cushions and sizes are usually large. The freshwater species are part of this 
class as well. The skeleton is made up of either siliceous spicules or spongin fibers or 
both. Large spicules are shaped as monoaxons or tetraxons.     
 One species of freshwater sponges, Ephydatia muelleri, is part of the Class 
Demospongiae. This species is utilized as a model system to study development and 
especially asexual development due to the presence of gemmules. This species is readily 
available in all major landmasses and found in sufficient quantities. Even though the 
genome of this freshwater sponge is not yet completely sequenced, there are many 
advantages of using it as a model. One key characteristic of Ephydatia muelleri is that 
they produce dormant gemmules that contain a high density of totipotent archeocyte stem 
cells (Ungemach et al, 1997). The collected gemmules can be refrigerated for months and 
used to generate adults in the laboratory. This offers a system for studying stem cell 
differentiation and body plan development since the cells in the gemmule are derived 
from the archeocytes. Methods for RNAi have also been cultivated and can help give 
insights on gene function (Rivera et al, 2011). The transparency of the tissue is another 
benefit in studying cell behavior and in generating histological data. Gemmules of this 
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freshwater sponge genome allow studying cellular function and conserved gene networks 
effectively. Particularly, Pax and Six gene families act as transcriptional regulators of key 
developmental pathways involved in eye formation, nervous system and other sensory 
organs.   
Pax gene family.  The Pax family of genes encodes a group of transcription 
factors that play significant roles in early development. These conserved transcription 
factors have been shown to regulate organogenesis and maintain stem cell populations in 
animals over the course of millions of years of evolution. Mutations of these genes have 
led to defects in development including loss or immature eyes. The paired box (PAX) 
proteins contain a homeodomain but are distinct in having a 128 amino acid DNA-
binding domain called the paired domain. This paired domain allows the transcription 
factors to make sequence specific contacts and interactions with DNA. Homologs of the 9 
identified human Pax genes are found in worms, flies, frogs, fish and birds.  The 
mammalian Pax genes are divided into four subgroups based on genomic structure and 
sequence data. Due to the high conservation of these gene sets, their information can be 
applied to multiple organisms. New genes that emerge due to duplication of old genes or 
by recombination of different domains must interact with the components they were 
derived from. Functions of such genes involved in a gene network thus evolve. The genes 
from such a gene network consist of components from small number of protein coding 
domains or cis-regulatory elements (Noll, 1993).  This puts selective pressure to maintain 
the integrity of the gene network and becomes the reason for analogous function and 
conservation in species from Drosophila to human beings.   
Pax gene products bind to enhancer DNA sequences and alter transcriptional 
activity of downstream genes. The paired domain defines the Pax gene family and was 
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first identified in Drosophila alone, used to test the gene network relationships. This 
study discovered that the DNA binding activity of the paired domain protein was 
independent of the homoedomain and domain mapping showed the paired domain 
encoded for the second DNA-binding activity (Treisman et al, 1991). The paired domain 
consists of two independent subdomains (the amino terminal PAI domain and carboxy 
terminal RED domain) which resemble a helix-turn-helix motif. These two 
homeodomains are covalently linked by a flexible linker (Kozmik, 2005). Several Pax 
genes (Pax3, Pax4, Pax6 and Pax7) contain an additional homeodomain. All Pax genes 
(except Pax4 and Pax6) also have a conserved eight-amino acid domian located between 
the paired domiain and the homoedomain. The summary of the strucutres of the different 
Pax genes is listed in Table 1. 
 
Table 1: Sturctural domains of each of the Pax gene from three different subfamilies. X 
indicates the presence of the listed domain. Besides the strucutre of the genes, the target 
tissue, location on human chromosome, and associated diseases are also listed (Chi & 
Epstein, 2002). 
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 Pax group 1 includes Pax1 and Pax9 (Pax 1/9). Pax1 and Pax9 are expressed in 
the vertebral column and limb buds of the mouse embryo and in adult and embryo 
thymus. Pax9 is expressed in the neural crest mesenchyme used for craniofacial and tooth 
formation (Neubüser et al, 1995). Pax1 is more involved in vertebrate and embryo 
segmentation in mice. Overall, Pax1 and Pax9 have distinct and overlapping roles in 
skeletal development. Pax group 2 (Pax 2/5/8) plays a role in the development of the 
central nervous system.  Pax2 is expressed in the developing mouse kidney, some parts of 
the optic stalk, and parts of the spinal cord (Dressler et al, 1990). Knockout of Pax2 in 
mice leads to absence of kidney, ureter, and gonads. Pax2 and WT1 (Wilms tumor 1) are 
components of the pathway for kidney development. Pax5 is expressed in lymphoid 
precursor cells that aid in B-cell development. A mouse knockout of Pax5 results in 
blocked B-cell development. Pax5 also has the ability to regulate transcription of B-cell 
developmental genes. Finally, Pax8 helps regulate thyroid development. Pax8 mutations 
lead to hyperthyroidism since Pax8 directly regulates transcription of genes specific to 
the thyroid gland.   
 The third Pax group consists of Pax3 and Pax7. Pax3 is expressed in the dorsal 
neural tube during normal development. The neural crest cells contribute to many cells 
and organs including Schwann cells, adrenal gland, and peripheral ganglia. Defects in 
Pax3 in mice cause embryo death and failure of neural tube formation. Pax3 also plays a 
crucial role in myogenesis but is not expressed in the adult muscle. Mutations in Pax3 
lead to defects in muscles of the limb. Pax7 is expressed in adult satellite cells (Seale et 
al, 2000). When adult muscle tissue is damaged, satellite cells act as stem cells to 
generate new myocytes (Chi & Epstein, 2002). Thus, Pax3 and Pax7 have important 
function in the skeletal muscle proliferation. 
 
 
27 
 Finally, Pax4 and Pax6 are part of the fourth subclass of Pax genes and maintain 
the endocrine function of the pancreas. With the loss of Pax4, β cells that produce insulin 
and δ cells that synthesize somatostatin are absent. Glucagon producing α cells are absent 
in mutated Pax6 mice and β, δ and γ cells fail to form into spherical islets (St-Onge et al, 
1997). There are various homologs of Pax6 in other organisms including eyeless in 
Drosophila. Besides this important physiological function in humans, Pax6 is called the 
master control gene in eye and sensory organ development for the fruit fly (Gehring & 
Ikeo, 1999). While homozygous mutations in mice lead to loss in ocular structures, 
heterozygous mutations of Pax6 in humans result in blindness, cataracts, and other 
diseases. Pax6 along with sine oculis (Six), eyeless absent (Eya), and dachshund (Dach) 
families regulate molecular pathways and are conserved many species (Kozmik, 2007). 
Pax6/eyeless over expression in flies is enough to induce the formation of entire organs 
like eyes in ectopic locations.  
 In the demosponges that have been studied, only one Pax gene (PaxB) has been 
discovered. Structurally speaking, PaxB closely resembles the Pax2/5/8 subclass of genes 
(Hoshiyama et al, 1998).  It contains a 129 amino acids paired domain combined with a 
42 amino acids homeodomain (closely related to Pax6) and an octapeptide. The N-
terminal domain of the protein is produced by two different exons, separated by an intron 
whose position is conserved between Pax2/5/8 or Pax6 among other metazoans (Hill et 
al, 2010). The octapeptide motif may be functional for a Groucho protein.  
Six gene family. Pax may interact with other transcription factors such as Six to 
regulate developmental genes. The first identified member of the sine oculis homeobox 
(SIX) family of genes was the sine oculis (so) (Six1/2) gene of Drospohila. So acts as a 
transcription factor, along with partners Eya, Pax, and Dach, in the formation and 
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development of the fly’s compound eye. The structure of the Six protein identified in 
mice consists of a N-terminus 60 amino acids DNA binding Six-type homeodomain (HD) 
and a conserved 116 amino acids Six domain (SD) (Kawakami et al., 2000). The HD has 
3 α helices combined with one hydrophobic core. Helix 3 is the recognition helix and is 
responsible for the DNA sequence specific interactions. Interestingly, the HD is unique 
for the Six proteins because two otherwise highly conserved amino acids in helix 1, 
arginine at position 5 and glutamine at position 12 are absent. The arginine residue 
usually binds to the conserved homeobox core sequence of TAAT. This shows that the 
N-terminus of the HD domain adopts a structure to recognize the TAAT sequence and 
that the Six proteins do not recognize the TAAT core sequence.  
The Six family of genes is categorized into three subfamilies: Six1/2, Six3/6, and 
Six4/5 (Seo et al., 1999). The Six1/2 proteins are highly similar to each other and show a 
6 amino acid difference between the HD and 1 between the SD, with well conserved N-
terminal and C-terminal regions in humans. This class is defined by the presence of the 
amino acid ETSY from residue 3 to 6 in helix 1 of the HD. The Six3/6 subclass has a 
QKTH tetrapeptide in its N-terminal HD. In Drosophila the Six3 homolog is Optix. 
Between Six3 and Six6, the difference lies in the N-terminal addition of 78 amino acids 
(of which 37 amino acid Gly rich region is also found in Drosophila so) only present in 
Six3 (Cordoba et al., 2001). The Six4/5 class is defined by the ETVY tetrapeptide 
domain (Stierwald et al, 2004). The most distinguished characteristic of Six4 and Six5 is 
the presence of a large C-terminal transcription activation domain downstream of the HD. 
This domain is absent in all the other Six transcription factors.  
The various expression patterns of the Six family can be seen in Figure 3. In the 
mouse embryo the expression of Six3 and Six6 is restricted to the neural tissue in the 
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developing eye, olfactory placodes, ventral pituitary and hypothalamic regions. Six6 is 
limited to the ventral option of the optic vessel, specifically the neural retina (NR). Six3 
expression areas contain the NR region and the lens (LE in Figure 3) and the retinal 
pigmented epithelium (RPE). On the other hand, the expression patterns of Six1, Six2, 
and Six4 are broader and range over the entire embryo. The expression of Six1 and Six4 
is found in sensory organs, optic vessels and nasal pits, and in branchial arches. It is also 
found posteriorly in the dorsal root ganglia and somites (these give rise to abdominal and 
limb skeletal muscles). Six2 is found in the head mesenchyme, mesoderm of the 
nephrogenic cord, and visceral smooth muscle and connective tissue (Boucher et al., 
2000). For Six5 expression patterns, it is found in the placode derivatives and muscle.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Expression patterns of Six1-6 in mouse embryo. (A) Embryonic schematics 
show the expression pattern of each Six gene with color shading correlating to that 
pattern. (B) Six3 and Six6 expression in the developing eye, LE = lens, NR = neural 
retina, and RPE = retinal pigmented epithelium. (C) Chromosomal location of the mouse 
Six genes (Kawakami et al., 2000). 
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Not only are the Six genes crucial for embryo development, but also can be 
responsible for diseases if defective. In Dropsophila, homozygous so (Six1/2) mutants 
depict a loss in the compound eye ocelli or a smaller eye. Overexpression of Six3 in 
zebrafish affects the forebrain and optic stalk by enlarging them. Human Six6 
haplodeficiency causes the absence of the optic nerve and chiasm altogether. In myotonic 
dystrophy patients, it was found that Six5 was reduced 2 to 4 fold. In one study, Six1 was 
cloned from breast cancer cells and was identified as a cell-cycle regulation gene (Ford et 
al., 1998). Normally, Six1 expression is terminated in the differentiated breast cells. 
Overexpression of Six1 in the breast cancer cell line MCF7 attenuated a DNA damage 
induced G2 cell cycle checkpoint. The expression is silenced in G1 phase, initiates in S 
phase and continues to G2 but is terminated in mitosis. Furthermore, it was shown that 
Six1 regulates the cell cycle by the ubiquitin-proteosome pathway (Kumar, 2008). Even 
though there is not enough data collected on which Six proteins regulate which portion of 
the cell cycle, with the current results it can be concluded that Six genes can play a 
crucial role in cancer biology.   
 In the Demosponge class of sponges, the only identified Six gene subclass is  
Six1/2, the homolog of sine oculis in Drosophila (Bebenek et al., 2004). The presence of 
Six1/2 in sponges raises the obvious question of its role despite the apparent observation 
of the absence of eyes and a sensory system. Yet there have been some studies that 
display the role of light in some sensation and response. The swimming of the larvae of 
Reniera sponge show directionality controlled by large ciliated cells toward light 
(Woollacott, 1993). Some sponges can even contract their oscula in response to light.  
Underlying the simple body plan is a series of comprehensive regulatory system 
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responses. This system is yet to be explored and can provide insights into the metazoan 
development.  
 Pax/Six interaction and the PSED network.  The Pax and Six genes are part of 
the PSED (Pax/Six/Eya/Dac) network in Bilaterians. In sponges it is still unknown 
whether a Pax-Six (PS) network exists. Nevertheless, the PSED or the retinal 
determination gene network (RDGN) is important in the development of eyes, muscles, 
endocrine gland and other important structures. Eya (eyes absent) is a transcriptional 
coactivator recruited to the target DNA genes when it interacts with Six. Eya may also 
play a role as a dual specificity protein phosphatase. Dac (dachshund) may bind naked 
DNA since no DNA binding sites have been identified. When both Eya and Dac are 
expressed together, they cause an increase in size and frequency of ectopic eyes. Just like 
Six, Dac may recruit Eya as an activator or phosphatase to the promoter of target genes. 
There is also a repression complex between Six and Dac but the Eya phosphatase may 
reverse this repression by turning it to an activation (Li et al., 2003). The transcriptional 
interactions and transcriptional hierarchy between the RDGN can be seen in Figure 4. 
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Figure 4. The PSED/RDGN Network in eye and muscle development. (A) Drosophila 
eye development is regulated by the members of the PSED network. Black arrows show 
the transcriptional hierarchy and the pink show physical interactions. The hierarchy is 
non-linear and contains feedback loops. (B) Regulation of vertebrate muscle development 
by the proteins of the RDGN network.  
 
 
 
In the Drosophila eye, with the progression of the morphogenetic furrow there is a 
wave of differentiation moving posterior to anterior in the eye disc. The Decapentaplegic 
(DPP) and Hedgehog (HH) signaling pathways initiate the furrow progression and 
regulate the expression of the PSED network (Silver & Rebay, 2004). DPP acts in 
parallel to or downstream of Pax6 (eyeless) to activate the expression of the network. 
Once DPP initiates the furrow, the components of the PSED can express independently. 
Besides its role in eye development, the network has other developmental functions. In 
mouse muscle development, Pax3 and Dach2 expression patterns overlap and regulate 
each other through positive feedback loops (Figure 4B).  When Pax3 is overexpressed in 
myogenesis, it induces Six1 and Eya2 expression. When Eya2/Six and Eya2/Dach2 are 
misexpressed, they can act together to express markers that indicate myogenic 
differentiation (Heanue et al., 1999). This shows that analogous patterns of expression in 
A 
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the PSED proteins have conserved functions in the development of many tissues and 
organs.  
In sponges, components of the PSED network may be present as the Pax-Six (PS) 
network. Ephydatia muelleri Six1/2 and PaxB genes help regulate the development of 
choanoderm and pinacocytes. The expression levels of both genes are seen through stages 
of asexual development to gemmulation to a juvenile adult sponge to a functional 
aquiferous system. Thus, the expression of both genes is seen during the development of 
the canal system and the choanocyte chambers. When RNAi knockdown of EmSix1/2 
and EmPaxB was performed, there are less endopinacocytes lining both incurrent and 
excurrent canals and fewer connections between these cells and the choanoderm. 
Moreover, there were more undifferentiated cells and fewer well-defined choanocyte 
chambers (Rivera at al., 2013). This study also observed that with RNAi of EmSix1/2, the 
expression levels of EmPaxB also decreased. This indicates that EmPaxB directly or 
indirectly affects the transcription of EmSix1/2. Gel shift mobility assay showed that the 
EmPaxB protein binds to the Pax2/5/8 consensus sequence site, two cis-regulatory 
elements upstream of EmSix1/2 and to an intron sequence of EmSix1/2. This conclusion 
supports the hypothesis that components of the PSED network are present in the sponge 
genome. This would mean that the origin of this gene network goes back to early 
Metazoans and over evolutionary time it expanded to direct the differentiation of 
different tissues and to include more complex interactions with other genes. 
Six goals. Ephydatia muelleri provides a good model for studying the 
development of gene networks because of its simple body plan with underlying complex 
gene networks and its evolutionary position. As suggested by the Rivera et al. study 
EmSix1/2 and EmPaxB may have overlapping developmental roles in the aquiferous 
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system and PaxB may interact with Six1/2 through the process. My research focuses on 
determining whether a Pax-Six gene network exists in E. muelleri and specifically if 
EmSix1/2 binds upstream of EmPaxB to further regulate potential downstream targets in 
a feedback loop. The ultimate goal of this study was expressing and purifying native 
Six1/2 protein in bacteria, and then testing the binding interaction of Six to genomic E. 
muelleri DNA upstream of Pax through electrophoretic mobility shift assays. Once a 
positive interaction was identified, further downstream targets could be elucidated 
through DNA immunopercipitation or antibodies could be used against purified Six to 
perform chromatin immunopercipitation. With the better understanding of the PS gene 
network, development of organs and proliferation of diseases can be explained further.   
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Superoxide Dismutase 6 
Trichomoniasis and T. vaginalis. Trichomoniasis is the most common nonviral 
vaginal infection transmitted sexually and is instigated by Trichomonas vaginalis in the 
human population (Gunatilake & Heine, 2012). In the year 2008, there were more than 
275 million cases of trichomoniasis worldwide, of which 7.4 million occurred in the US 
and Canada alone (Weinstock, 2004). Most cases reported by women and men were 
asymptomatic, suggesting under-diagnosis of the disease. Symptoms observed in women 
included vaginal discharge, vaginitis, cervicitis, urethritis, and vulval irritation (Preethi et 
al., 2013).  Unlike most sexually transmitted diseases in which younger women are a 
target, trichomoniasis is prevalent in older women ages 36-40. In men, indicators of the 
infection range from asymptomatic to urethritis, dysuria, and pruritus (Sehgal et al., 
2012). 
Men and women diagnosed with trichomoniasis also have higher propensities of 
acquiring HIV and prostate carcinogenesis in men. One mechanism for increased HIV 
susceptibility is that T. vaginalis disrupts the vaginal flora and epithelium of the host 
leading to an accessible route for HIV virus (Gunatilake & Heine, 2012). Another 
hypothesis is that the infection induces an inflammatory response and causes recruitment 
of CD4 β T cells which predisposes the vagina to HIV infection (Gunatilake & Heine, 
2012). Furthermore, trichomoniasis in men may also lead to increased risk of prostate 
cancer as T. vaginalis stimulates inflammation and binds to prostate epithelial cells and 
triggers a cell signal transduction pathway involving proto-oncogenes, which can initiate 
prostate carcinogenesis (Sutcliffe et al., 2012). Due to the extensive number of reported 
cases of trichomoniasis and its ability to facilitate additional pathogenic states, it is 
crucial to understand the biology of this organism and how it alters the vaginal 
 
 
36 
environment to produce its effects. The method by which T. vaginalis colonizes the 
vagina and secretes compounds like cysteine protienases and superoxide dismutases to 
counter the host immunity is yet another important aspect of the disease. Moreover, 
identifying host responses and factors affecting immunity will help researchers develop 
treatments against T. vaginalis and understand the disease further.  
Structure and classification of T. vaginalis. Trichomonas vaginalis is a 
unicellular and flagellated protozoan that causes the sexually transmitted disease 
trichomoniasis. As a microaerophilic eukaryote parasite, it can survive in low-oxygen and 
anaerobic environments (Guschina et al., 2009). When cultured, T. vaginalis forms a 
pyriform or pear-shape but changes to and amoeboidal shape once attached to vaginal 
walls. This transformation to the amoeboidal shape may help the parasite adhere to the 
vaginal epithelial cells (VECs) better. The protozoan is 9 by 7 µm in size and has an 
undulating membrane with four anterior flagella and one anterior recurrent flagellum 
(Schwebke & Burgess, 2004). The undulating membrane is a finlike extension of the 
cytoplasmic membrane which is associated with flagellum and moves in a wave motion. 
The anterior flagella beat like cilia and the recurrent flagellum beats in a sinusoidal 
pattern (Kyung et al., 2009). The scanning electron microscope (SEM) image, 
transmission electron microscope (TEM) image and the schematic drawing in Figure 5 
shows the various external structures and some internal structures of T. vaginalis.  
The various structures present on the external surface aid the parasite in 
colonizing the vagina. The axostyle is a collection of bundled microtubules that run along 
the entire cell.  Hydrogenosomes are unique, mitochondrial-derived organelles that 
produce energy since these parasites lack standard mitochondria (Schwebke & Burgess, 
2004). This internal structure provides energy to the protozoan during its colonization.  
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The life cycle of T. vaginalis is predominantly in the trophozoite form and a 
resistant cystic stage, common to many parasites, is absent (Sehgal et al., 2012). The 
trophozoite divides via ‘binary fission’ and populates the lumen and mucosal membranes 
in the human urogenital tract. The parasite falls under the phylum of Zoomastigina for 
possessing flagella and class Parabasalia for having a parabasal body, axostyle, 
undulating membrane, and association with animals (Kyung et al., 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Various internal and external structures of T. vaginalis. (A) SEM image of 
parasite, labeled stuctures include: anterior flagella (AF), recurrent flagellum (RF), 
axostyle (AX), costa (C), Golgi complex (G),  hydrogenosome (H), nucleus (N), pelta 
(P), parabasal filament (PF), undulating membrane (UM), and vacuole (V). (B) TEM 
image.(C) Schematic of T. vaginalis (Kyung et al., 2009).  
 
 
 
Vaginal microbiome. Bacterial communities residing in the vagina are important 
in preventing colonization of invasive organisms that transmit sexual infections such as 
trichomoniasis. Many studies have used 16S rRNA gene sequences to identify at least 
265 different microbial species in the vagina (Brotman et al., 2014). The mutualistic 
c 
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relationship that exists between the vaginal cells and the normal bacterial communities 
provide protection for the vagina and nutrients that support the bacteria. The dominant 
bacterial species that exist in the vagina include the Lactobacillus spp. These species of 
can generate lactic acid as a fermentation product to create an acidic environment in the 
vagina with a pH of 3.5–4.5 (Ma et al., 2012). The presence of Lactobacillus spp. (L. 
crispatus, L. gasseri, L. iners, and L. jensenii) not only indicates a healthy vagina but also 
hinders the colonization of unwanted bacteria, viruses, and protists.  
Many studies have showed that by secreting microbicidal compounds and 
lowering the pH Lactobacillus spp. can induce a first-line defense mechanism against 
urogenital diseases. The benefit of the lactic acid produced by Lactobacillus spp. in the 
vagina is not limited to providing an acidic environment; it acts as a microbicide against 
HIV viruses as well (Aroutcheva et al., 2001). Additionally, lactic acid and gram negative 
bacteria cause the activation of the host innate immunity (Ma et al., 2012). Lactobacillus 
spp. can act as competitors, excluding opportunistic pathogens in the vagina (Brotman et 
al., 2012). These species can also secrete bacteriocins, antibiotic toxic hydroxyl radicals, 
probiotics, and hydrogen peroxide, which all have the feature of limiting the number of 
invading pathogens (Lamont et al., 2011). The bacteriocins are proteins that exhibit 
bactericidal properties that can be target-specific or broad spectrum (Aroutcheva et al., 
2001). Hydrogen peroxide and other chemicals like halides and peroxidases can be toxic, 
but only against a few pathogens (Mijac et al., 2006). There is a high oxidation-reduction 
potential in the vagina that inhibits the growth of obligate anaerobic bacteria in the 
presence of the Lactobacillus spp. (Aroutcheva et al., 2001). High oxidation-reduction 
potential means high amounts of oxygen and obligate anaerobes cannot survive in such 
environments.  
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Besides the Lactobacillus spp., there are other species of bacteria that normally 
flourish in the vaginal environment. These bacteria range from facultative anaerobes to 
strictly anaerobic bacteria and grow in a higher acidic pH than the Lactobacilli at 5.3–5.5 
(Ma et al., 2012). Anaerobic bacterial by-products may play a significant role in the 
immune response of the host. For example, they have been found to lead to induction of 
proinflammatory cytokine production through Toll-like-receptor stimulation, dendritic 
cells, apoptosis, and phagocytosis through production of short-chain fatty acids. 
Specifically, the facultative anaerobe Gardnerella vaginalis can produce sialidases, 
which inhibit local IgA function (Lewis et al., 2012). Data from studies described above 
have demonstrated the significance of bacterial microbiota and how they act to protect 
the vagina from external intrusive pathogens.  
 The vaginal microbiome tends to undergo changes at certain times, which may 
also lead to susceptibility to disease and infection. Experimental data on the dynamics of 
temporal changes in the vagina have revealed that certain bacterial communities 
decreased or increased during menstruation (Brotman et al., 2014). Particularly, for the 
duration of the menstruation numbers of G. vaginalis increased and numbers of 
Lactobacillus jensenii and Lactobacillus crispatus decreased compared to the time when 
there was no menstruation. G. vaginalis levels decreased, L. jensenii and L. crispatus 
levels increased, and L. iners decreased with the termination of the menstruation for that 
cycle of that month (Srinivasan et al., 2010). The reason why this growth of G. vaginalis 
was observed was because of an increase in iron levels. These high iron levels are needed 
by the bacterium to grow and they increase because of the bursting of red cells during 
menstruation. Other fluctuations that occur within the normal vaginal microbiota include 
those due to sexual activity. During sexual activity, the stability of the microbial 
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communities decreases (Gajer et al., 2012).  Studies hypothesizing this idea portray that 
during the time when the vaginal microbe communities fluctuate; individuals have a 
higher risk of developing STDs.  
 To represent the vaginal microbiome, researchers grow cell epithelial cell lines of 
the vagina called a vaginal explant. The human vaginal epithelial cells characterize the 
most physiologic model for studying trichomoniasis. The explant contains host cells form 
the reproductive tract that supports parasite survival, replication, and adherence.  These 
models can be used to study epithelial immune response and inflammatory reaction. 
Studies that have used the explant have yielded crucial results on T. vaginalis and the 
molecular host-parasite interactions. Immortalized epithelial cell lines, Vk2/E6E7, 
Ect1/E6E7 and End1/E6E7, are representatives of the normal human vagina, endocervix, 
and ectocervix (Fichorova et al., 2013). The ectocervix and vagina are covered by 
stratified non-kertinizing epithelium, while the endocervix is lined with a single layer of 
columnar epithelial cells.  These epithelial cells are derived from the same 32-year old 
woman and thus provide a good comparison between the simple and stratified columnar 
cells (Fichorova et al., 1997).    
Host response and immunity. The mucosal immune system is responsible for 
protecting the human reproductive tract against pathogens. Both innate and adaptive 
immunities play a chief role in this defense mechanism; they can induce inflammation 
and phagocytosis, and protection via activation of humoral and cell-mediated immunity, 
respectively (Chang et al., 2004).  
The innate immune system serves a critical function in defending against protozoa 
and other pathogens when there is an infection. The vaginal internal environment is 
composed of epithelial cells that secrete mucus to inhibit growth of microbes (Wira et al., 
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2010). Besides being professional antigen presenting cells, epithelial cells act as a 
physical barrier and can express pattern recognition receptors (PRR) to secrete 
antimicrobial peptides, cytokines, and chemokines (Brotman et al., 2014). PRRs are 
proteins that recognize pathogen-associated molecular patterns (PAMPs) present on 
microbial pathogens. Along with the epithelial cells, neutrophils (not shown in Figure 6) 
can be found in the female reproductive tract; they stimulate phagocytosis and secrete 
cytokines and antimicrobial peptides: defensins, antiproteases, and chemokines (Gantz, 
2003).  Macrophages and dendritic cells are also professional MHC Class II antigen 
presenting cells and engulf pathogens via phagocytosis. Dendritic cells can activate 
memory T-cells and guide memory lymphocytes to mucous tissues (Iijima et al., 2008). 
Natural killer (NK) cells are also activated in defense against foreign pathogens in the 
female reproductive tract. They can elicit generation of cytotoxic T cells, activation of 
cytokines and macrophages (Mselle et al., 2007). Figure 6 shows the key cells in innate 
immunity that are present during an infection of the vagina.  
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Figure 6: Mucosal Immune System of the Vagina. The cells that defend in the innate 
immunity can be seen in this schematic (For functions: see text) (Wira et al., 2010).  
  
 
 
 
The adaptive immune response in the female genital tract is primarily comprised 
by the humoral response, in which secreted IgA and IgG antibodies are key players 
(Brotman et al., 2014). IgG stimulates the complement pathway, which initiates specific 
antibody response via activation of antigen-antibody complexes. A specific subclass of 
IgA called secretory IgA (sIgA) functions as a neutralizer by producing a chemical agent 
that prevents proteolysis of infected cells (Courthesy et al., 2007). Furthermore, these 
antibodies originate in the uterus and are then discharged as cervicovaginal secretions so 
that they end up in the vagina to complex with foreign antigens present on pathogens. 
Humoral immunity is regulated by cells that destroy foreign pathogens, but cell-mediated 
immunity activates cells that destroy self cells infected with pathogens. Foreign 
pathogens can also be targeted by CD8+ T-cells via cell-mediated immunity. CD4+ T-
cells secrete IFN γ, a cytokine that initiates B cell maturation (Brotman et al., 2014). 
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Additionally, infected tissue site can be dominated by macrophages and neutrophils 
which are recruited by Th17 cells to induce phagocytosis of foreign particles. T-cells in 
the vagina, just like the rest of the body, cannot be activated without a prior inflammatory 
response (Nakanishi et al., 2009).  
Surface proteins and colonization of the host. Transmission of trophozoites of 
T. vaginalis is made through sexual contact. Once transmitted, trophozoites undergo 
longitudinal binary fission to colonize the epithelial surface of the vagina (Sehgal et al., 
2012). Non-sexual transmission may not exist because the protozoan cannot survive 
outside the human host (Petrin et al., 1998). In females the parasite resides in the lower 
genital tract including the vulva, vagina, and urethra, whereas in males it lives in the 
penile urethra. As an obligate parasite, T. vaginalis obtains nutrients from phagocytosis 
of bacterial cells and vaginal secretions because it is not capable synthesizing 
macromolecules de novo, specifically purines, pyrimidines, and many lipids (Petrin et al., 
1998). The parasite obtains these nutrients from vaginal secretions or through engulfing 
host and bacterial cells.  
T. vaginalis has to survive and have optimal growth in an environment where 
there are specific anti-trichomonal immunoglobulins and trichomonad proteinases. Not 
only that, the progression of the menstrual cycle poses a challenge due to the changes in 
hormones. It is thus essential for this mucosal invader to possess certain surface proteins 
that aid it to colonize the host tissue (Hirt et al., 2007). First of all, the protozoan has to 
attach itself to host cells to establish infection because the secretions of the vagina will 
not allow it to adhere to the vaginal epithelial cells and continue with colonization; it 
does this by a process called cytoadherence in which adhesin proteins allow attachment 
to vaginal epithelial cells (Adegbaju & Morenikeji, 2008). This adherence relies on three 
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factors: pH, temperature, and the time of adherence (Arroyo & Alderete, 1989). One 
study showed that reducing the temperature from 37°C to 4°C resulted in less adherence 
of the parasite to VECs. The lowered temperature influenced the cytoskeletal functions of 
the parasite and impaired its colonization (Alderte & Garza, 1985). In the same study, it 
was observed that the optimal pH for attachment to VECs is between pHs 4 and 8 and 
with maximal levels at pH 6 (Alderte et al., 1988). This study also showed that the 
cytoadherence was time-dependent and fifteen minutes was required for maximal 
binding.  
One set of proteins called cysteine proteinases must aid the adhesins by removing 
protective proteins from adhesins. The fact that adhesins are initially capped by proteins 
emphasize that this might be significant in binding and host-cell recognition (Garcia et 
al., 2003). The cysteine proteinases enzymatically degrade the protective proteins 
permitting the adhesins to bind to VECs. There are 23 different classes of cysteine 
proteinases in T. vaginalis, and they function to provide the parasite with additional 
properties like hemolysis of host red blood cells, evasion of host immune system, and 
cytotoxicity (Adegbaju & Morenikeji, 2008). Another protein called P270 is an 
immunoreactive surface protein and may also help with binding of T. vaginalis to 
epithelial cells (Hirt et al., 2007). 
Three pathways of signal transduction can occur when T. vaginalis is recognized 
and binds to host epithelium cells. First, the parasite undergoes morphological 
transformations that are also reproducible. Second, a larger amount of adhesin proteins 
are localized on the cell surface. Third, the initial parasite that infects the VEC may 
release chemoattractants to recruit more trichomonads to the site of infection (Arroyo et 
al., 1993). When the adhesins bind to VECs, elongation of the protozoan and formation 
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of psuedopods at the contact site and in the periphery occurs. As more contact with the 
host takes place, there are more filiopodia and lamellapodia along the surface of T. 
vaginalis. This transformation into an amoeboid like shape upregulates synthesis of 
adhesins (Petrin et al., 1998).  
In order to upregulate synthesis of adhesins, increased levels of iron is required 
for transcription and protein compartmentalization (Garcia et al., 2003). This requirement 
is fulfilled by host erythrocytes. Additionally, T. vaginalis does not acquire proper 
nutrition like fatty acids and lipids in the vagina so they obtain this from the erythrocytes. 
As discussed earlier, cysteine proteinases help the parasite in hemolysis of red blood 
cells. In hemolysis, the first step is attachment through specific ligand-receptor 
interactions to erythrocytes and then pores are made in the membrane of the blood cell by 
secretion of perforin-like proteins (Petrin et al., 1998). T. vaginalis then disconnects itself 
from the membrane of the erythrocyte and lysis of the red blood cell occurs.   
Trichomonas vaginalis must also confront the microbiota and the immune system 
of the female urogenital tract. Various studies have revealed that colonization by this 
parasite resulted in decreased numbers of Lactobacilli species and increased numbers of 
anaerobes like Mycoplasma, Parvimonas, and Sneathia (Brotman et al., 2012). 
Acquisition of the parasite is easy due to the reduction of lactic acid with the diminishing 
communities of Lactobacilli spp. One study shows that T. vaginalis alters the vaginal 
environment to increase its transmissibility by ensuring that Mycoplasma species 
dominate the tract. This modification induces an inflammatory response which might 
make the host more susceptible to HIV infection. Additionally, Mycoplasma species can 
increase pathogenecity of T. vag by affecting its metabolism (Martin et al., 2013). One 
such pathway, called the arginine dihydrolase (ADH) pathway, can meet 10% of the 
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protist’s energy needs. It provides energy generation from amino acids when oxygen is 
absent for protists and bacteria like T. vag. and Mycoplasma hominis. M. hominis have an 
endosymbiotic relationship with T. vag. and provides the substrate arginine needed to 
undergo the ADH pathway (Morada et al., 2010).  
Confronting and evading the host immune system is essential in pathogenesis of 
trichomoniasis. T. vaginalis can avoid the complement system and overcome the immune 
system. It was previously stated that iron can increase adhesion synthesis and in this case 
higher concentrations can also help with resistance to the complement system. Iron 
concentrations are high during menstruation and also upregulate production of cysteine 
proteases. The expression of these helps break down C3 from the cells activated in the 
complement system and allows T. vaginalis. to overcome the complement-mediated 
system (Garcia et al., 2003). Blood from menstruation is the primary source of the 
complement system and during this time lower levels of T. vaginalis are observed, 
however T. vaginalis manages to persist even after this time (Petrin et al., 1998).  
Some in vitro experiments have shown that presence of the P270 glycoprotein 
makes the parasite resistant to antibody mediated complement-independent lysis. P270 
contains the repetitive DREGRD epitope and this allows antibody binding to sequester 
the antibody and allowing the resistance to lysis (Petrin et al., 1998). Another way T. 
vaginalis escapes from being detected by the immune system is through the mimicry of 
adhesins to malic enzyme (Engbring et al., 1996). This mimicry reduces immunogenicity, 
the ability of an antigen to provoke an immune response (both humoral and cell-
mediated) when bound to an antibody. Moreover, other types of cysteine proteases can 
break down IgG, IgM, and IgA allowing the protozoan to deflect the antibody attack 
(Provenzano & Alderete, 1995). Antibodies can also be neutralized by the secreted 
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antigens from T. vag. These antigens are soluble and immunogenic and can short circuit 
defense mechanisms aimed specifically against T. vaginalis. Finally, T. vaginalis can coat 
itself with proteins form the plasma membrane of the host and prevent recognition as 
foreign by the immune system (Adegbaju & Morenikeji, 2008). 
Superoxide Dismutases (SOD). Trichomonas vaginalis also needs protection 
from toxic products generated from reduction of oxygen in the host cells. The 
mechanisms as to how this occurs are not completely understood, but the enzyme 
superoxide dismutase can detoxify superoxide radicals produced by damaged host cells 
(Viscogliosi et al., 1996).  Reactive Oxygen Species (ROS) are metabolites that result 
from respiration and include the superoxide anion radical (O2-), the hydrogen peroxide 
(H2O2), hydroxyl radical (HO), hypochlorite (OCl-), and peroxynitrate (ONO2-) (Miller, 
2011). These species are unstable and can cause damage to DNA, lipids, and proteins. 
Normally ROS are controlled by enzymes, but in oxidative damage there is an imbalance 
of ROS and antioxidant defenses. Oxidative damage occurs when the normal metabolic 
reactions that use oxygen are disrupted and ultimately lead to cell death with oxidative 
stress to various parts of the cell like proteins, lipids, and carbohydrates. The superoxide 
anion radical (O2-) is able to generate more reactive species, but superoxide dismutase 
can convert this radical into hydrogen peroxide and oxygen as shown in Figure 7 (Leitsch 
et al., 2009). 
 There are many forms of SOD identified; they are protein oligomers with copper 
and zinc, manganese, or iron as cofactors (Miller et al., 2004). Subunits that make up 
SOD have two domains: one with only α-helices and the second with both α-helices and 
β-sheets (Perry et al., 2010). The cofactor binds in between the two domains; histidine 
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and aspartate side chains make up the ligands for the metal ions (Leitsch et al., 2009). 
Eukaryotes and bacteria have copper/zinc SODs (Cu/ZnSODs), prokaryotes and 
mitochondria have manganese-containing SODs (MnSODs), and prokaryotes, 
chloroplasts and protists have iron SODs (FeSODs) (Viscogliosi et al., 1996).  The 
primary and tertiary structures of FeSODs and MnSODs are very similar but distinct 
from the Cu/ZnSODs. The SODs found in trichomonad species are cyanide-insensitive 
and azide-sensitive and therefore must contain iron (Viscogliosi et al., 1996).   
 Because T. vaginalis is microaerophilic, it is sensitive to oxygen and acts like an 
anaerobic organism. This protozoan utilizes SOD as a protective mechanism against 
oxidative stress. It is sensitive to oxygen because it lacks an oxygen detoxifying enzyme, 
cellular reducing power, and the need for oxygen sensitive enzymes for metabolism (Ellis 
et al., 1994). Besides SOD, cytosolic and hydrogenosomal oxidases may also provide 
protection against ROS.  T. vag. can manage oxidative stress at low levels as exemplified 
in the female reproductive tract, but when amounts surpass > 60 µM the protozoan cannot 
survive.   
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Figure 7: Mechanism of Oxidative Stress. The enzyme superoxide dismutase can 
breakdown reactive oxygen species produced by damaged host cells. One example is 
conversion of superoxide anion radical to hydrogen peroxide. Enzymes like glutathione 
peroxidase can further reduce the H2O2 into water (Leitsch et al., 2009).  
  
 
 
 Interestingly, in the related parasite Trichomonas foetus it was discovered that 
SOD may act as a neutrophil chemotactic factor. In this study, antibodies recognizing a 
neutrophil chemotactic factor (NCF) from T. foetus were used to screen a cDNA library 
and positive hits were identified as homologs of the iron-containing SOD (Granger et al., 
1997). This conclusion was confirmed with antibodies recognizing T. foetus antigens of 
SOD activity in a native gel electrophoresis. Two isolated SOD genes were expressed in 
mammalian cells and recombinant SODs were expressed in bacteria. Both                           
non-recombinant and recombinant proteins were recognized by anti-TfNCF and showed 
NCF activity.  
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 With either T. foetus or T. vaginalis infection, there is leukocyte infiltration at the 
site of infection. This is because these parasites produce neutrophil chemoattractants or 
causes surrounding cells to produce them. Neutrophils are cytotoxic to the parasites and 
can enhance their own destruction. Mice injected with TfNCF were protected against a 
trichomoniasis infection (Owhashi et al., 1994).The mechanism of protection may be 
correlated to depressed T-cell proliferation, blocked inflammation induced pathogenesis, 
or SOD/TfNCF as a protective antigen. Both parasites produce SOD to counter reactive 
oxidative species made by attacking leukocytes. That is to say, if the enzymatic function 
of SOD is blocked, then the trichomonad has low resistance to oxidative leukocyte attack. 
Indeed, when SOD is included in the medium with the parasite, neutrophil attack is 
blocked (Rein et al., 1980). Since the parasite has high internal SOD content, it may 
mean that during the first casualties of neutrophil attack there is enough SOD released to 
protect the neighboring parasites. However, if SOD is internally located within the 
parasite then how does the host antibodies gain access to it and cause chemoattractants to  
migrate to the site of infection? It may be that SOD can directly or indirectly attract 
neutrophils. The by-product of SOD enzymatic activity is hydrogen peroxide which is a 
recognized chemoattractant. H2O2 may also react with tissue components to create new 
attractants. Yet, peroxidases eliminate hydrogen peroxide and may mean that SOD itself 
can create new chemoattractants. In future disease control, SOD/NCF may act as an anti-
trichomonad vaccine to protect against trichomonad infection.  
SOD 6 goals. There is limited data collected on the function and mechanism of 
SOD and further research on this protein can better our understanding of the protozoan 
and help develop ways to counteract the colonization. In this study, we aim to upregulate 
the gene that encodes a specific superoxide dismutase enzyme (SOD6) and then express 
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it to examine its function and role in T. vaginalis infection. The recombinant protein was 
used to examine the role of SOD in host immune response. First, purified SOD was used 
in a vaginal explant to determine the effects on immune response and changes to the 
vaginal microbiome. Macrophage cell line RAW 264.7 were grown with and without 
ECM matrix and scratch test assays were performed to test migration of macrophages 
when SOD was included. Finally, HeLa cells were grown with and without SOD to test if 
cells produced or secreted chemokines as a result. Using reverse transcription, Real-Time 
PCR was conducted on the cDNA of the treated cells. The secretions of the HeLa cells 
contained within the serum were analyzed using Mass Spectrometry.  
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Chapter 2: Materials and Methods 
Expression of Recombinant Six and SOD in Bacteria 
 Primers were designed with non-cutter restriction endonuclease sites of BamHI 
and PstI. The amplified SOD6 gene was first subcloned into pCR2.1 TOPO and the 
recombinants were selected for using blue/white screening. The white colonies 
containing the insert were then cloned into the pQE-80L vector, an expression vector. On 
the other hand, Six 4/5 F3 was cloned by a student in the collaborator laboratory.  
 
 
 
Table 2: Primers used for amplifying the SOD 6 gene into pQE-80L expression vector. 
Primers contain BamHI and PstI restriction enzymes recognition sites. 
 
 SOD 6_T3 
Forward Primer (5’-3’) GGATTCATGTTCACAATGGAGC 
Reverse Primer (5’-3’) CTGCAGTTACAAACCAGCAGCC 
 
 
 
After confirming the final clones with sequencing, SOD 6 T3 and Six 4/5 F3 was 
transformed into E. coli BL21 cells. The transformants were initially grown overnight in 
LB media with 100µg/mL ampicillin and then inoculated with fresh LB media containing 
ampicillin until the growth reached mid log phase (OD600 0.4-0.8). Expression of both 
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proteins in the BL21 cells was induced to a final concentration of 1mM IPTG for           
4-24 hours. The cells were harvested at 3000g and were either stored in -80°C until 
purification or directly treated with Buffer F (50 mM Tris-HCl pH 8.0, 0.5 M NaCl, 10 
mM β- mercaptoethanol, 10% glycerol, 5 mM imidazole). 
Induction of protein expression was analyzed using SDS-PAGE followed by a 
Western blot. 12% resolving gel and the samples were prepared before running the gel. 
The samples were either first sonicated on ice to lyse the cells or directly boiled for a few 
minutes. The gel was run in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 
pH 8.3) for approximately 1 hour at 125 V or 10-20 Amps. To detect the proteins further, 
the gel was transferred onto a nitrocellulose membrane for 100 V in transfer buffer (25 
mM Tris, 192 mM glycine, 20% methanol, 0.03% SDS, pH 8.3) on ice. Following 
incubation in 5 % block (in 1X TBS-T), the membrane was transferred into 1% block 
with 1:500 mouse anti-His primary antibody for 1 hour or overnight with gentle shaking. 
The blot was then washed in 1X TBS-T 3 times for 5 minutes and 1 time for 15 minutes. 
Further, the blot was probed with 1:5000 anti-mouse HRP secondary antibody also in 1X-
TBS-T. Finally, after 3 consecutive washes, the membrane was visualized with 
ChemiDoc XRX+ Imaging system (Bio-Rad) using Luminata Crescendo (Millipore) 
HRP substrate. 
Native purification of Six and SOD Proteins 
Frozen or fresh cell pellets were resuspended in Buffer F with 1 µM PMSF and 
then sonicated on ice to lyse the cells. Succeeding centrifugation at 10,000g for 20 
minutes at 4°C, 1 mL of pre-washed (two times with Buffer F) 50% Ni-NTA resin 
(Qiagen) was added to every 4 mL of cleared lysate. The mix of lysate and beads were 
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incubated with shaking at 4°C overnight for SOD and over 2 nights for the Six protein. 
The lysate was allowed to settle once it was transferred into a pre-washed purification 
column. The flow through was collected and the established beads were washed with 10-
20 column volumes of Buffer F. Both proteins were eluted in a gradient with 
approximately 2 mL fractions of Buffer F containing 50 mM, 100 mM, 150 mM, 200 
mM, 250 mM, and 300 mM imidazole. The proteins were stored at -80°C until further 
analysis.  
Purification of the SOD and Six proteins was analyzed by SDS-PAGE followed 
by a Western blot transfer (as previously described) and Coomassie InstantBlue staining 
(Expedeon). The SDS-PAGE gel was incubated in the stain for 1 hour after being run. 
Subsequently, it was washed in water twice to be destained and visualized with 
ChemiDoc XRX+ Imaging system (Bio-Rad). The antibodies used in the Western blot 
were the same as before.        
 Since both proteins were purified under native conditions, no further purification 
was needed and the proteins could directly be used in assays and further analysis. For the 
SOD 6 protein though, removal of endotoxins was crucial before the protein was 
subjected to a vaginal explant. Pierce High Capacity Endotoxin Removal Resin (Thermo 
Scientific) was first regenerated with 0.2N NaOH overnight at room temperature. The 
resin was then washed with 2 M NaCl and endotoxin free water. After equilibrating the 
resin with endotoxin free Buffer (50 mM Tris-HCl, 0.2 M NaCl, pH 7.5) three times,     
1:1 ratio of the purified SOD 6 protein and 50 mM Tris-HCl (pH 6.8) was added to the 
resin and the mixture was incubated at 4°C for 1-2 hours on the nutator. Finally, the 
endotoxin free SOD 6 protein was collected with centrifugation at 500g. The Six protein 
was also dialyzed against NETN buffer (50 mM Tris-HCl, 100mM NaCl, 1mM EDTA, 
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0.1% β- mercaptoethanol, 1% Triton-X-100, and PMSF, pH 7.5) to remove excess 
imidazole. 
Purified SOD6, Six and endotoxin free SOD 6 were all further analyzed with a 
Bradford assay. Standards were prepared with BSA (10 mg/mL) and each individual 
sample contained 2 µL of the protein. After adding the Bradford reagent, the samples 
were incubated at room temperature for 30-60 minutes. Absorbance of standards and 
samples was measured and a standard curve was generated. The data of the samples were 
compared to the standard curve to verify the concentration of each protein.  
Polymerase Chain Reaction Amplification of Pax Fragments 
 Various fragments including P1, P2, P3, I1, and I2 were amplified so that they 
could be used in a gel shift assay. The primers listed in Table 1 show the sequence of the 
forward and reverse primers used for each fragment. A typical PCR reaction was setup 
and run on a thermocycler at 57-53°C annealing temperature depending on the fragment. 
100x BSA was also used in the reaction for a successful amplification. Next, the 
concentration of each amplified double-stranded DNA (dsDNA) was measured using a 
NanoDrop 200C (Thermo Scientific) to calculate the µg of dsDNA needed to label          
5 pmol 3’ends. If the concentration did not satisfy the requirement for end labeling, the 
PCR product was further purified using SigmaSpin post-reaction purification columns 
(Sigma-Aldrich) or by QIAquick PCR Purification Kit (Qiagen).     
 Subsequently, the 3’ ends of the purified DNA fragments were labeled with biotin 
using the Thermo Scientific Biotin 3’End DNA Labeling Kit. Each reaction was setup 
using the standard kit procedures. The prepared reactions were incubated at 37°C for 30 
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minutes and stopped with the addition of 0.2 M EDTA. The TdT was extracted using 
chloroform and the final labeled DNA fragments were tested for the labeling efficiency.   
 
 
 
Table 3:  Primer sequences of larger Pax gene fragments as potential targets of the Six 
protein.  
Primer Name Primer Sequence (5’-3’) Fragment Size 
dsDNA for 
labeling 
3’ends 
Pax Promoter 1 
Forward 
Primer 
GGCATGGCAACATAGTGTTGA 
P1, 
683 bp 1.13 µg 
Pax Promoter 1 
Reverse Primer CATGCATATCTCTGACCAGGA 
Pax Promoter 2 
Forward 
Primer 
TCCTGGTCAGAGATATGCATG 
P2, 
568 bp 0.936 µg 
Pax Promoter 2 
Reverse Primer CGGAATTGGCGAGTCTGTTG 
Pax Promoter 3 
Forward 
Primer 
CAACAGACTCGCCAATTCCG 
P3, 
645 bp 1.06 µg 
Pax Promoter 3 
Reverse Primer GGCACCGAACTCTCTCGTTA 
Pax Intron 1 
Forward 
Primer 
AGGTTTAGATAATGAAGCTTGCG 
I1, 
501 bp 0.826 µg 
Pax Intron 1 
Reverse Primer ATTGTGACGATTCATATGCAGC 
Pax Intron 2 
Forward 
Primer 
GCTGCATATGAATCGTCACAAT 
I2, 
406 bp 0.67 µg 
Pax Intron 2 
Reverse Primer CGACCCAGTCTCGTAGTACC 
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Another set of fragments were also amplified to isolate the specific binding site of 
Six to Pax. Table 3 shows the primer set, sequences, and PCR product length of each 
fragment. Insert 1 with AseI restriction enzyme site embedded in it and Insert 2 with AseI 
and NheI sites were amplified first and then ligated into the pCR2.1 cloning vector. For 
this amplification, BSA was not included and 57°C was used as the annealing 
temperature. These two clones were then used as the template for amplifying the 81F, 
SR; 173F, P3R; and 270F, 173R fragments. The thermocycler was set to 53°C for the 
annealing temperature of all 3 fragments and BSA was used for better amplification 
results. Prior to labeling, it was ensured that the concentration was sufficient to label the 
fragments. The 3’ ends of the fragments were labeled with biotin with the same previous 
method. Alternately, if the fragments were not labeled after checking for the efficiency 
then either Taq polymerase was used instead of the Phusion polymerase or the quantity of 
unlabeled oligo was doubled.  
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Table 4: Primers used for amplifying potential binding sites of Six on the Pax gene using 
smaller fragments.   
 
Primer Name Primer Sequence (5’-3’) 
Fragment 
Name 
and Size 
dsDNA 
for 
labeling 
3’ends 
Pax Promoter 
Forward 
Primer (AseI) 
ATTAATCAACAGACTCGCCAATTCCG 
Ins 1; 
701 bp N/A 
Start Reverse 
Primer TCCTTTCATATCCATGCTCGC 
Pax Promoter 
Forward 
Primer (AseI) 
ATTAATCAACAGACTCGCCAATTCCG 
Ins 2;  
721 bp N/A Pax Promoter 
Reverse 
Primer (NheI) 
GCTAGCTTTGGAGTTTGCAGCAGTGGT 
 
-270 Forward 
Primer  AGAGTGCACGCAGCGAAATG 270F,    
173 R; 
119 bp 
0.197 µg 
-173 Reverse 
Primer CGCGATTATTGAGATGTAACGT 
-173 Forward 
Primer  ACGTTACATCTCAATAATCGCG 173F, 
P3R; 
111 bp 
0.183 µg Pax Promoter 
3 Reverse 
Primer  
GGCACCGAACTCTCTCGTTA 
-81 Forward 
Primer  TAACGAGAGAGTTCGGTGCC 81F, SR; 
96 bp 0.135 µg Start Reverse 
Primer (5’-3’) TCCTTTCATATCCATGCTCGC 
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Gel Shift Assay (Electrophoretic Mobility Shift Assay) 
 The various biotin labeled Pax DNA fragments and the purified Six protein were 
used for the gel shift assay or EMSA. The standard protocol with the LightShift 
Chemiluminescent EMSA Kit (Thermo Scientific) was utilized for this experiment. 
Components of the each reaction were optimized after several tests and included        
50% glycerol, 1% NP-40, 100mM MgCl2, 200 mM EDTA, and BSA besides the required 
binding buffer and Poly (dI-dC).  The negative reaction did not include the Six protein 
and the positive reaction included either the Six protein or SOD6 as a negative control. 
The positive and negative controls provided within the kit using the biotin-EBNA control 
DNA and EBNA extract were also run out on a gel.       
 5% native polyacrylamide gels (10X TBE, 40% 37.5:1 polyacrylamide, 10% 
APS, TEMED) in 0.5X TBE were prepared. The native gel was then pre-electrophoresed 
in 0.5X TBE for 60 minutes at 100V. While the gel was pre-running, the negative and 
positive control binding reactions were set up and incubated at room temperature for 20 
minutes. The gel was run until the blue loading dye migrated out of the gel and the lighter 
blue samples migrated ¾ down the length of the gel. The gel, pre-soaked Amersham 
Hybond-N+ nylon membrane (GE Healthcare Life Sciences), and blotting paper were 
sandwiched between new transfer sponges. The transfer was made on ice at 300 mA for 1 
hour. The membrane was then auto-crosslinked at 120,000 µJ/cm2 for 25-50 seconds 
using the Stratagene UV Stratalinker 2400. The membrane was either stored or directly 
used for detection.           
 To visualize the biotin-labeled DNA fragments, the blocking buffer (1X TBS, 
0.03% I-Block, 0.5% SDS) and washing buffers (1X TBS, 0.5% SDS)  were warmed at 
37°C to dissolve any particulates. The membrane was incubated in blocking buffer (1mL/ 
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cm2) with gentle shaking for 20 minutes. Pierce Streptavidin-HRP (Thermo Scientific) 
was diluted 1:2000 in Blocking Buffer and incubated for 30 minutes with shaking. The 
blot was first washed with wash buffer (1mL/ cm2) 2 times for 5 minutes and then with 
TBS-T twice for 5 minutes. The ChemiDoc imaging system and the HRP substrate were 
used to visualize the washed nylon membrane.          
Immunopercipitation and Pull Down Assays 
For the immunopercipitation (IP) experiment, purified Six protein was incubated 
with Anti-His antibody in NETN buffer with shaking at 4°C for 30 minutes. After adding 
washed (in NETN buffer) Protein-G Sepharose 4 fast flow slurry (GE Healthcare Life 
Sciences) to the protein and bead mixture, the sample was incubated additionally at 4°C 
overnight. The first control IP contained Six and the beads but no antibody and the 
second control had antibodies and beads but no Six protein. These controls were added in 
NETN buffer and incubated overnight as well. All samples were centrifuged at 10,000g 
the next day and the supernatant was collected. The beads were then washed with NETN 
buffer twice and heated at 85°C for 2 minutes with SDS-PAGE loading dye. After 
centrifugation, the supernatant was collected again. Supernatants from the control and 
experimental IP were run on SDS-PAGE and then transferred to a nitrocellulose 
membrane to be visualized with an anti-His antibody.     
 Pull down assays were undertaken to optimize buffer environment and conditions 
to prepare for the DNA immunopercipitation. The purified Six protein was added in three 
different buffers including binding buffer (10 mMTris-HCl, 50mM KCl, and1 mM DTT, 
pH 7.5), NETN buffer, and Buffer F (5 mM imidazole). Promega MagneHis beads 
(Fisher-Scientific) or Ni-NTA beads were each washed in the respective buffer and 
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incubated with the protein and buffer mix for 45 minutes on the nutator at 4°C. The 
supernatant flow through was collected after centrifugation and then washed twice with 
each respective buffer. The protein was eluted from the beads using 300 mM buffer F. 
The flow through and eluent were analyzed with a Western using an anti-His antibody. 
The same pull down was also tried with different components of the NETN buffer: 
1. NETN Buffer Type 1: 50 mM Tris-HCl, 100mM NaCl, 1mM EDTA, and 
0.1% β- mercaptoethanol, pH 7.5 
2. NETN Buffer Type 2: 50 mM Tris-HCl, 100mM NaCl, 1mM EDTA, and 
1mM DTT, pH 7.5 
3. NETN Buffer Type 3: 50 mM Tris-HCl, 50mM KCl, 1mM EDTA, and 0.1% 
β- mercaptoethanol, pH 7.5 
4. NETN Buffer Type 4: 50 mM Tris-HCl, 100mM KCl, 1mM EDTA, and 
0.1% β- mercaptoethanol, pH 7.5 
5. NETN Buffer Type 5: 10 mM Tris-HCl, 50mM NaCl, 1mM EDTA, and 
0.1% β- mercaptoethanol, pH 7.5 
For the DNA immunopercipitation experiment, 4 types of reactions were setup in 
binding buffer. Sample 1 contained the 173F, P3R fragment and Sample 2 contained the 
purified Six. Sample 3 contained Six and the DNA fragment and Sample 4 had the Six 
and DNA with crosslinks. A gel shift reaction with components: binding buffer,           
poly dI-dC, 1% NP-40, 50% glycerol, MgCl2, EDTA, BSA, Six protein, and 173F/P3R 
DNA fragment, was prepared for Samples 3 and 4 and incubated at room temperature for 
20 minutes. To crosslink Six to the DNA fragment, 37% formaldehyde was added to the 
reaction and incubated for an additional 10-15 minutes. 1.25 M glycine was then added to 
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quench the crosslinking reaction. MagneHis beads were washed two times in binding 
buffer and added to each reaction. The samples were all incubated with mixing at room 
temperature for 45 minutes. Each sample was placed on the magnet stand and the 
supernatant was collected. After washing the beads with the binding buffer, elution was 
conducted with 300 mM imidazole Buffer F. Sample 4 was de-crosslinked with 5M NaCl 
and heated overnight. The salt was not added to Sample 3 but was still heated overnight. 
The supernatants were analyzed with a Western probed with anti-His antibody. The 
supernatants were also analyzed using PCR tests using various DNA polymerases: Taq 
polymerase, Phire polymerase, and DreamTaq polymerase. 
Mammalian Cell Culture Treatment and Mass Spectrometry Assessment  
HeLa cells were grown to confluency and maintained in DMEM media 
supplemented with FBS and Penicillin-Streptomycin. Of the total eight 6 cm culture 
plates, two included Buffer F (50mM imidazole) alone, two had endotoxin free 
thioredoxin reductase, and two contained endotoxin free SOD 6 protein. The cells were 
incubated in 37°C overnight. The cells were then collected and frozen at -80°C until 
further analysis with real-time PCR. A second set of HeLa cells were also grown until 
confluent but were kept in serum-free advanced DMEM media with Penicillin-
Streptomycin and L-glutamine. Buffer F, TrxR and Buffer F, diluted TrxR (1:100), 
diluted TrxR and SOD6 were each added to two plated for two trials. After 24 hour 
incubation in 37°C, the media from each plate was collected and stored at -80°C for mass 
spectrometry analysis. The accumulated cells were also frozen for future real-time PCR 
tests and analysis.  
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The frozen media from the treated cells was to be quantified using mass 
spectrometry. To prepare the samples for the analysis, the serums from diluted TrxR and 
diluted TrxR+SOD6 were first centrifuged at 4°C to remove any cellular debris. Half of 
the sample was restored at -80°C and half was subjected to acetone precipitation. 4 
volumes of cold acetone were added to 1 volume of solution containing the secreted 
proteins to be analyzed. After mixing the protein solution, it was kept at -80°C for 10 
minutes and at -20°C overnight. The solution was then centrifuged at 4°C at 10,000g to 
pellet the proteins. The pellet was air dried to remove all of the residual acetone.  
Next, the protein sample had to undergo a tryptic-digest to prepare the sample for 
analysis. The dried protein pellet was dissolved in a solution containing 8M urea and 
50mM Tris-HCl at pH 8, and incubated at 37°C for an hour to reduce the sample. 
Iodoacetamide was added to a final concentration of 15 mM to alkylate the protein and 
incubated for 30 minutes in the dark. The protein sample was then diluted with 3 volumes 
of 50 mM Tris-HCl and 20 µL of trysin was added per 200 µL of sample. The digestion 
was allowed to occur overnight at 37°C overnight. The protein sample was also analyzed 
with a Bradford assay before trypsination.  
1 part of Sample buffer (2% TFA / 20% ACN) was added to 3 parts overnight 
trypsin digest protein. Pierce C18 spin columns were activated with a 50% MeOH 
solution two times and then equilibrated twice with wash buffer (0.5% TFA / 5% ACN) 
(Thermo Fisher). The sample was added to the column and the flow through was 
collected. The column was washed with wash buffer (0.5% TFA / 5% ACN) two to three 
times. The protein was eluted in 20µL of elution buffer twice. The eluent was lyophilized 
to remove the ACN and resuspended in HPLC grade water with 0.1% formic acid. The 
samples were stored at -80°C or directly analyzed on the mass spectrometer.  
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RNA Extraction and Real Time-PCR Reaction 
 The frozen HeLa cells from the first treatment were subjected to Trizol RNA 
extraction so that they could be examined with real-time PCR (qPCR). The cells were 
incubated at room temperature for five minutes after Trizol was added to each sample of 
cells. Chloroform was added and mixed, and then the two layers were separated with 
centrifugation at 12,000g for 15 minutes. The top aqueous layer was combined with 
isopropanol, incubated at room temperature for 10 minutes, and centrifuged to pellet the 
RNA. The pellet was washed with 75% ethanol, air dried for no more than 10 minutes, 
and stored in water after resuspending the pellet using heat.  
 Depending on the RNA concentration, 1µg of the RNA and water were mixed to a 
volume of 8 µL. The samples were treated with DNAse in DNAse buffer at room 
temperature for 15 minutes. 25 mM EDTA and heat were added to inactivate the DNAse 
enzyme. Next, a reverse transcription reaction was prepared to obtain cDNA for the 
qPCR. OligodT and dNTPs were added to DNAse treated RNA and heated at 65°C for 5 
minutes. The reaction included 0.1 DTT, 5x first strand buffer, RNAse out, and the 
reverse transcriptase enzyme. The reaction took place in 50°C for an hour, 80°C for 10 
minutes, and 10°C overnight. Finally, RNAses were added to the prepared cDNA.  
 The cDNAs were then analyzed with real-time PCR (qPCR). Primers for common 
cytokines secreted by the epithelial cells were designed (Table 5). Real-time PCR 
reaction for each cytokine (IL 8, CCL 5, CCL 20, CXCL 10) with each cDNA (from 
Buffer F, TrxR, and SOD, all with 2 trials), GAPDH as a reference gene, and no template 
as a negative control were all set up. Each reaction contained the 2x iQ mix with SYBR 
green (Bio-Rad), the forward primer, the reverse primer, and the diluted cDNA to a total 
volume of 50 µL. The initial step was set at 95°C for 15 seconds, next step at 60°C for 45 
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seconds, and 72°C for 30 seconds. These reactions were run for 40 cycles. The data was 
analyzed to produce ΔCt and ΔΔCt values for each melting curve.  
 
 
 
Table 5: Primers used for qPCR analysis. Primer sequences are listed for each primer set 
along with the expected amplicon size.  
 
Primer Name Primer Sequence (5’-3’) Fragment Size 
IL 8 Forward 
Primer  CTCTCTTGGCAGCCTTCCTG   
245 bp 
IL 8 Reverse 
Primer CACAACCCTCTGCACCCAG 
CCL 5 
Forward 
Primer  
CTCGCTGTCATCCTCATTGC  
177 bp 
CCL 5 
Reverse 
Primer  
GTGACAAAGACGACTGCTGG  
CCL 20 
Forward 
Primer 
TGCTGTACCAAGAGTTTGCTC 
185 bp 
CCL 20 
Reverse 
Primer 
GATAGCATTGATGTCACAGCC 
CXCL 10 
Forward 
Primer 
GTGGCATTCAAGGAGTACCTC 
197 bp 
CXCL 10 
Forward 
Primer 
GATGGCCTTCGATTCTGGATTC 
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Scratch Test Assay  
 Mouse macrophages (RAW 264.7) were grown to a monolayer in DMEM media 
supplemented with FBS and Penicillin-Streptomycin in two 6 cm culture plates. The cell 
monolayer was scraped in a straight line to make a scratch with a p200 pipet tip. The cells 
were then washed with a 1 mL of DMEM and fresh 5 mL media (DMEM or serum free 
DMEM) was added. A reference point was marked for each of the three scratches made 
for three trials. An image was taken of the scratch without any treatment using a phase 
contrast microscope. Then endotoxin free SOD6 was added to experimental plate and 
TrxR was added to another plate as a control. The plates were incubated for up to 24-30 
hours at 37°C. Images were taken of the same reference point of each scratch at 
differential time intervals during the incubation. 
 A second setup of the previous experiment was made but with the addition of an 
ECM substrate. Matrigel Basement Membrane Matrix (BD Biosciences) was thawed at 
4°C overnight. All the apparatus used for mixing and aliquoting the matrigel were pre-
chilled. The matrigel was mixed to homogeneity and diluted in cold 1x PBS (1:100). The 
diluted matrigel was added to each well of a 6 well plate to coat the entire well. The 
matrigel was incubated at room temperature for an hour. The excess unbound substrate 
was removed and the murine macrophages were allowed to grow on the cells with either 
standard DMEM, serum-free advanced DMEM, or a mix of both types of DMEM. The 
scratches were made and images were taken at various time periods.  
Vaginal Explant Treatment  
 Epithelial cell lines Vk2/E6E7, Ect1/E6E7 and End1/E6E7 were maintained in 
keratinocyte serum-free medium (KSFM) supplemented  with 50 µg/ml bovine pituitary 
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extract, 0.1 ng/mL epidermal growth factor, 100 units/mL penicillin, 100 g/mL 
streptomycin (Invitrogen for all reagents), and 0.4mM CaCl2 (Fisher). Vaginal tissue 
cultures were collected form a 32 year old following vaginal repair surgery. The tissues 
were kept in cold Hanks’ Balanced Salt Solution without Ca2+ and Mg2+ and processed 2 
to 3 hours after surgery. Penicillin (100 U/mL), streptomycin (µg/mL), and gentamicin 
(µg/mL) were also added to the tissues (GIBCO). After removing most of the stroma, the 
vaginal tissue was separated into 0.5x0.5 cm pieces and transferred epithelium face down 
in a 6 well tissue culture plate.  KSFM was added 0.5mL/well and 2 mL fresh media was 
added per well every 3 days. Endotoxin free SOD6 was added to 2 wells and  ----- was 
loaded to 2 as a control.  
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Chapter 3: Results 
Six Transcription Factor  
 The Wrischnik lab started a new collaboration with the Rivera lab, which studies 
evolution and development in sponges. From Dr. Rivera’s previous study it was 
established that with RNAi knockdown of EmSix1/2 and EmPaxB the channels and 
choanocyte chambers of Ephydatia muelleri were underdeveloped. When the function 
EmSix1/2 was interfered with the expression levels of EmPaxB decreased (Rivera et al., 
2103). This study was able to conclude that Pax and Six may function to regulate each 
other during the development of pinacocytes and choanocyte cell layers and a PS network 
exists in sponges. With my research, we wanted to further evaluate and confirm this 
relationship. Clones of the Six gene was prepared by the Wrischnik lab and included 
Six7/8 A3, Six 7/8 F3, Six 4/5 A3, and Six 4/5 F3.  
Expression and purification of the Six protein. The transformants that 
contained clones Six 4/5 F3 and Six 7/8 F3 had sufficient growth to perform induction of 
proteins. Clones Six Six 4/5 A3 and Six 7/8 A3 did not have growth and were omitted 
from further expression experiments. Growing cells with Six 4/5 F3 and Six 7/8 F3 
plasmids were induced and there was enough Six protein expressed to purify the protein. 
However, when the purification was undertaken the flow through contained most of the 
52 kDa Six protein, but was not present in any of the elutions. Since this indicated that 
the protein was not binding to the nickel beads, protein purification was optimized on a 
mini scale using various conditions. 
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The mini scale purifications included testing in native and denaturing conditions. 
The two different conditions included different binding and elution buffers and various 
times for binding. The best purification was obtained with incubating the proteins with 
the beads over 2 nights in native conditions. The Six protein was induced for expression 
in transfected BL21 bacterial cells with Six4/5 F3 clone. The transcription factor was 
natively purified since it was necessary for the protein to retain its structure and 
conformation to be analyzed in further experiments.  
Although we again had problems with initial binding to the nickel beads, the 
nickel affinity chromatography purification yielded the Six protein at the highest 
concentration in Elution 3 (150 mM imidazole). The protein with the 6-His tag weighs 
about ~52 kDa and is present in both elutions 3 and 4 (Figure 8B), however elution 4 also 
had degradation products as a contaminant. The Coomassie stained gel does not show a 
clear distinction between the Six protein and the other unidentified bands. Multiple bands 
above 50kDa mark could be Six or the single broad band above it. However, the Western 
clearly shows the 52 kDa band for Six in Elution 3. There are also high molecular bands 
present in the other elutions, particularly Elution 2. These bands could be proteins 
normally made by the bacterial cells.  
To measure the concentration of the purified Six, a Bradford Assay was 
performed. A standard curve was generated using increasing volumes of BSA as a 
control. The absorbance of the purified protein was measured at 595 nm. The calculated 
concentration of the purified Six transcription factor was 0.65 µg/µL, although only a 
small fraction would be Six itself. Furthermore, for some of the later experiments the 
protein was dialyzed against NETN buffer to remove excess imidazole from the protein.  
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Figure 8: Native Purification of Six transcription factor protein. (A) Coomassie 
InstantBlue stained gel with the purified protein. After BL21 cells were induced for 
expression, the histidine tagged Six protein was purified using Ni-NTA beads and eluted 
in various concetrations of imidazole ranging from 50mM (Elution 1) to 300mM 
(Elution6). (B) Western blot after transfer probed with Anti-His antibody.  
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Gel shift assays (EMSA) show potential DNA targets of Six. To test whether 
the Six protein binds to DNA upstream of the Pax gene, and to confirm the existence of 
the PS feedback network in sponges, electrophoretic mobility shift assays were 
performed. The concept behind this assay is that if a protein binds to DNA then this 
complex will travel slower in a gel compared to the DNA fragment alone. When the 
DNA fragment binds the protein then it results in a ‘shift’ that is higher that the unbound 
DNA. Since the protein and DNA interaction requires the native conformations to be 
intact, the protein cannot be denatured. Therefore, the SDS-PAGE gel was replaced by 
the 5% native polyacrylamide gel (with 37.5:1 ratio of polyacrylamide). This type of gel 
allows one to visualize DNA fragments only, thus the 3’ ends of the DNA must be 
labeled with biotin and visualized with a streptavidin conjugate.  
 First of all, to decide which fragments of the Ephydatia muelleri genome located 
upstream of Pax should be amplified, common transcription binding site sequences were 
found within the genome. The sequence of the DNA binding site of Six in sponges is 
unknown and therefore the exact location for binding could not be identified. Using the 
sequences of common cis-regulatory elements as a guide, we estimated the location of 
potential Six transcription factor DNA recognition sequences. Most of the common DNA 
binding sites were concentrated near the promoter region and thus we amplified 
fragments of this area as well as the first intron. Large fragments P1 (683 bp), P2 (568 
bp), P3 (645 bp), I1 (501 bp), and I2 (406 bp) were chosen to be amplified to be used for 
the gel shift assay (Figure 9). The fragments are located in the promoter and intron 
regions of the PaxB gene. 3’ ends of the purified PCR amplified fragments were then 
biotin labeled using the terminal deoxynucleotidyl transferase (TdT) enzyme.   
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GGCATGGCAACATAGTGTTGACACATGTTCAGTGTGACTTTAGTGCTGAATCTACACTG
GTCGGGCAGTGAGGATGTTTTTTGTATGTCAGTGTGCAATGTGAACCCCATTTTTTTCA
TTTATGCATCCTTGCAAACTGTGTTTGTGTTGTGTTTGTGCGCATGTACGTTTGTGTGT
GGATGTGTGTGTTGATGAGTGTGTACATGTGCGTGCATGCGTTGAGTGTTACACGTAAC
GACCAGCACATGTAAGCACACACGCACACACACACATACACACACATATACGCACACAC
ACACACATACACACACACACATACACACACATACACACACATACACACATACACACACA
CACACGTACTCAGTAGTGTGATGCATATGCATATGGTGCTGTGTAGGGGAGAACTAATA
CATGGTGCTATGTAGGGGAGAACTAATACATGGTGCTGTGTAGGGGCGAACTAATACAT
GGTGCTATGTAGGGGCAAACTAATACATGGTGCTATGTAGGGGAGAACTAATACATGGT
GCTGTGTAGGGGCAAACTAATACATGGTGCTGTGTAGGGGAGAACTAGTCAGGATGTGG
AGCTTTTTTGCGTGATGTCAGGAACATAATTTCCTTCCTCTTTTTTAATTTAATATTTA
CGATTTTCTCTTTTCCTGGTCAGAGATATGCATGATGAAAACGTCTGCTTTATACCTCT
CCCCTTTTCCTCCCCCTTCTCCCCCTCCTCCTCCCCATCAGGAGCTCCAAAGCTTCGTC
TCCATCATTCAGGACAGCTGGGAGACAGACGTTCTAGCCAGGCTCACCGCCTCCTGCAT
TGAAGCCCGCCTCAAGACCTTCCGGAGTTGCCACGCCCCTCGCCCCGCCTCCTCCCAGT
CCAAGGACTCCGGGCTGGCCGAGTCCAGGCAGTCGCCACTGGGTACCGTCACCCCTCGC
AGTGGCCACGCCTCTTCCTGCTCCACCCACTGCGGCGAGGCCCGCCTCCAGCCGAGCCT
CTCTGTCAGCGGGAGCATCACTTCTCCCGGGGGGAGGAAACCACCTTGCGGACACTATT
TTTGTCGGCCCCCGATGTCTGGGGGCGTGCTCTCCAACGACGAGTCGTGCCCCCTGTGC
GAGAGTCCCCCTTCGCTGTACAGGAGGGGGGAGGGGCAAGGGAGTGGCCTCGTGGCAGC
AGGCTCCGTGGGGGCCTTCCAGCGCTATGACAACAGACTCGCCAATTCCGGCAGCCTCA
CGGAGACCACCGTGTAGAGGAACGAGGAGATAAAGAAAAAAAAAACTGCGCAAAAGATA
GCGCGGAACGTATACTACACGTGATTTATAATGGCAAAATGAACCAATATTGCTTTTTT
TTTTTGTTCGCAAGCCGCATTACCGCCCGTCATTCTCTGTTTCCGCAGCAACATTTCCC
CTTGTTATCAGGTTCTGTTTTTTTTTTTCTTTTCCCCTTATTTTTCGTTTGACTTTTTT
TATTTACCTTTTTTAAATCCACACGTCATTCTTGTTTTTCCGTAATTACCCTGTTGTGT
ACTATAAATCGATCGCGATGTTGCGCATGCGGAAAGAGCGGCGACGCTTCGAGAGCGTA
CAACATGCAAATCCAGACATAGTGCTCGTTTCTATTCGAGTGGACTCGAGCCTAAGAGT
GCACGCAGCGAAATGGGACGGATTTATTTTTGTCCAAATACACCATCTGTTGAAGTGTC
CGTGTCATACCCGTAATATTTGATTTATTATTTACGTTACATCTCAATAATCGCGTAAT
CGGATGTGGTCACTGTAGCAGCGCATGTATAAAAGACAAAGAAGCGAAGCGTTAGAAAC
AGTAAAATAACGAGAGAGTTCGGTGCCAGAACTCGCGTGAACTCGTTTTGTTTATTAAA
TAACCACTGCTGCAAACTCCAAAGCGAGCATGGATATGAAAGGAGCTAGCGGTCAAGGC
GGTGTGAACCAACTTGGCGGGCTTTTCGTCAACGGGCGCCCGCTGCCCGAGTCGATACG
GAGGAAGATTGTGGAGCTGTCGCAGAACGGGGTCAGGCCGTGCGACATTAGCAGGCAGC
TCAGAGTGTCTCATGGTTGCGTCAGCAAGATACTAGGAAGGTAAGGTTTAGATAATGAA
GCTTGCGAAAAGATTAAAAAAAAAAAAAAAGAGTTGTACATCCAATGGAGGGTCTAATA
TGCTGCGGGTTAAAATGAGATTTTTGTTTGCAAGTTTCATTCGGTGCAAGCGATGTACA
ATTATGTAGCTCGTTGCATCGAAGCGATTCAGTTTGATGCCGAAAACTAGCTGCGAAAA
CCTTTGCGGATGTTTCCTCTGCAGGTAAATTAACGTAAAAAAAAAACCAGCGCAGGTGT
TAGGCTGTGAACAAGCTGGCTTCCCTCGCGCTACATGTCTCACGCTGACAACCTTTCGC
TTTTTTTCTTCCTTTTGTGTGTGTGTGTGTGTGTGTGTATGTGTGTGCATGTGTGTGTG
CGTATGCGTGCATTCTGTTCGCGCGTCCGAGTGTGTTAGTTTGGCGCAATACAAGTATA
TTTCGTAGCTACACGTGTTGGGGGCTCCTAGCGAGGGCTTAACGCGCCCTGCTGCATAT
GAATCGTCACAATTTTTGCGGGTAGATTCTTAACGAGGATCGGTGCACCGCATGCGGCG
TTAGAAAAAGCTAACATATTGCTGACACATAACTGGCGACCCTGCGAGCACGTATAAAC
GCTTATTTATCATTTAAACTAACTATATATCCCGTTTCCTTCTTTTTTTCTATGCCGCT
GTTTTTTTGGTTCTATATACTTGCACACATCACAAACAATTTACGCGTGGGGGGTGGGG
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GGAGGAGGGGGGCAGAATTGTGTGCCACTTGTTTGCATATGTGTATTTCATTATTTTTT
TGACCTATTTATTATCCATGTTATTCGGTTCTGTTGTTAATCTTATTCCCTTTATTAAT
TTATAATTTACTTTTATTCTTCAGGTACTACGAGACTGGGTCG 
 
Figure 9: Large DNA fragments amplified for Gel Shift assay. Promoter regions 
upstream of the PaxB gene are shown. The start codon of the PaxB gene is highlighted in 
red, Promoter 1 (P1) fragment is blue, Promoter 2 (P2) in purple, Promoter 3 (P3) in 
green, Intron 1 (I1) in red, and Intron 2 (I2) in gray.  
 
 
 The large fragments and Six protein were used in 20µL gel shift reactions and run 
on a native polyacrylamide gel then transferred onto a nylon membrane. The membrane 
was visualized with streptavidin substrate conjugated to HRP. Unfortunately, there was 
no shift observed, perhaps due to the large size of the fragments. The EBNA controls did 
show a shift with the positive control. With the unsuccessful shift reaction, the fragments 
to be used needed to be optimized. Therefore, new smaller fragments needed to be 
amplified. Insert 1 and Insert 2 (both part of Promotor fragment) were amplified and 
inserted into the cloning vector pCR2.1. Either insert 1 or insert 2 were used as a template 
to amplify the smaller DNA fragments. The smaller fragments are all concentrated in the 
promoter region of the PaxB gene (Figure 10). The fragments included 270F, 173R (119 
bp); 173F, P3R (111 bp); and 81F, SR (96 bp).  
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ATGCGGAAAGAGCGGCGACGCTTCGAGAGCGTACAACATGCAAATCCAGACATAGTGCT
CGTTTCTATTCGAGTGGACTCGAGCCTAAGAGTGCACGCAGCGAAATGGGACGGATTTA
TTTTTGTCCAAATACACCATCTGTTGAAGTGTCCGTGTCATACCCGTAATATTTGATTT
ATTATTTACGTTACATCTCAATAATCGCGTAATCGGATGTGGTCACTGTAGCAGCGCAT
GTATAAAAGACAAAGAAGCGAAGCGTTAGAAACAGTAAAATAACGAGAGAGTTCGGTGC
CAGAACTCGCGTGAACTCGTTTTGTTTATTAAATAACCACTGCTGCAAACTCCAAAGCG
AGCATGGATATGAAAGGAGCTAGCGGTCAAGGCGGTGTGAACCAACTTGGCGGGCTTTT
CGTCAACGGGCGCCCGCTGCCCGAGTCGATACGGAGGAAGATTGTGGAGCTGTCGCAGA
ACGGGGTCAGGCCGTGCGACATTAGCAGGCAGCTCAGAGTGTCTCATGGTTGCGTCAGC
AAGATACTAGGAAGGTAAGGTTTAGATAATGAAGCTTGCGAAAAGATTAAAAAAAAAAA
AAAAG 
 
Figure 10. Promoter region used for amplification of small fragments. 270F, SR is in 
green, 173F, P3R in blue, and 81F, SR in red. The start codon is highlighted in red. 
Yellow boxes show potential Six1/2 consensus sequences in sponges.  
 
 
 
 
The 3 new smaller fragments were used with the purified Six to conduct the gel 
shift assay again. The transferred nylon membranes visualized with streptavidin-HRP are 
shown in Figure 11. The first gel shift (Figure 11A) is a control reaction with EBNA 
DNA and extract. The first lane with the negative control does not contain any protein 
and therefore the DNA can migrate faster. In the second lane, the protein interacts with 
the DNA causing the newly formed complex to become heavier and travel slower. The 
second gel shift is the 81F, SR DNA fragment with the Six protein (Figure 11B). Lane 1 
contains the negative reaction in which only the DNA fragment is present. Lanes 2 and 3 
has the Six protein in increasing volumes. The bottom band is still the DNA fragment but 
the top band is the DNA and Six complex migrating slower; this is called a shift. The 
arrow is showing the shift upwards due to DNA protein complex. With more protein 
more DNA should be bound and would result in the bottom band being lighter, but the 
top band is not more intense so something could be degrading the DNA. Lane 4 contains 
the same DNA fragment but the SOD protein as a negative control. Since SOD does not 
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bind the fragment from the Pax promoter there is no shift observed.   
 The third gel shift with the 173F, P3R and Six in Lane 2 and 3 do not show an 
interaction due to the absence of a shift (Figure 11C). Lane 1 is the negative control with 
only the DNA fragment, but in Lanes 2 and 3 the addition of Six does not give a positive 
shift. With 3 µL of Six the band intensity (DNA fragment) drops a little but with 9 µL of 
Six the band intensity decreases dramatically. This may be due to the fact that there is a 
high volume of protein present and might cause non-specific degradation of the DNA. It 
may also mean that the high volume results in aggregation of the DNA, with random 
proteins were unable to completely run out on the gel and end up stuck in the well. The 
fourth gel shift shown in Figure 11D is similar to the second as both show the shift in 
lanes 2 and 3 with the Six protein. In this case, the DNA fragment was the 270F, 173R 
that interacted with Six.
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 EBNA Control 
DNA + + 
Protein - + 
Lane 1 2 
 81F, SR 
DNA + + + + 
Six  - + + - 
SOD6 - - - + 
Volume of 
protein (uL) 0 3 9 3 
Lane 1 2 3 4 
A 
 
 EBNA Control 
DNA + + 
Protein - + 
Lane 1 2 
B 
 
 81F, SR 
DNA + + + + 
Six  - + + - 
SOD6 - - - + 
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Figure 11: EMSAs for various Pax promoter fragments with Six. (A) EBNA control 
fragment and extract showing a shift. Pax promoter fragments 81F, SR (B); 173F, P3R 
(C); and 270F, 173R (D) with the Six protein. Arrow shows the ‘shift’ when the DNA 
binds and interacts to Six. Panel above the gel shows the components in each lane and the 
panel below shows the quantity of the protein added. Lanes 2 and 3 (B and D) shows a 
positive ‘shift’ due to the specificity of the DNA and Six protein’s interaction. Lanes 2 
and 3 (C) does not show a shift because Six does not bind to 173F, P3R fragment.  
 
 
 173F, P3R  270F, 173R 
DNA + + + +  + + + + 
Six  - - + +  - + + - 
SOD6 - - - -  + - - + 
Volume of 
protein (uL) 0 3 9 3  0 3 9 3 
Lane  1 2 3 4  1 2 3 4 
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Immunopercipitation and modified pull down assays for Six DNA 
interaction. After testing various DNA fragments within the PaxB promoter gene for 
their interaction with the Six protein, the obvious next step was to analyze whether an 
antibody could isolate Six using an immunopercipitation (IP) experiment. One control 
reaction (# 1) consisted of the Six protein incubated with beads and the other (Control #2) 
with antibody and beads but no protein. The IP experiment would have all three 
individual components: the anti-His antibody, Protein-G sepharose beads, and the Six 
protein.  
The second lane in the western blot contains only the Six protein at ~52 kDa as a 
control (Figure 12A). The third lane is the supernatant from Control #1 (Six+beads) and 
since the beads should not bind the protein, it should remain in the unbound fraction and 
give a positive signal. No additional protein should elute from the beads. However, no 
Six protein was detected in either lane, and there was no additional band around 30 kDa 
that is present in every lane with beads and may represent a contaminating protein. The 
fifth lane is the supernatant or flow through from the Control# 2 (Ab+beads) beads. The 
supernatant shows no signal because the antibody is bound to the beads and there is 
nothing in excess to remain unbound. The next lane shows the eluted anti-His antibody 
from the beads. The heavy chain of the antibody is seen in the middle at 50 kDa and the 
light chain around 25 kDa. There is an extra high molecular weight band present that may 
be due to aggregation or contamination. The last two lanes are the experimental 
immunopercipitation with all three components. The supernatant does not contain a 
signal because the antibody bound to Six and the beads bound to the antibody. The last 
lane shows the heavy and light chains of the antibody, but no Six. This absence may be 
due to the fact that the heavy chain and the protein weigh almost the same and cannot be 
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differentiated in the bands. The gel was even run at a higher resolution but I was unable 
to detect the Six band.   
We also attempted a DNA immunoprecipitation (DIP) experiment to confirm that 
Six binds to a targeted DNA fragment. After setting up two gel shift reactions, I cross-
linked the Six protein to the DNA to ensure that the complex stayed together. The other 
gel shift reaction was not cross-linked. Two control reactions with Six and the DNA 
fragment alone were also tested. All four sample types were allowed to bind to Magne-
His or Ni-NTA beads, which we decide to try in place of protein G sepharose.  The flow-
throughs were collected and the protein and DNA complex was eluted. The cross-linked 
reaction was unlinked and all reactions were analyzed with SDS-PAGE and native gel 
electrophoresis. Unfortunately, no reactions showed a signal for the presence of the Six 
protein or DNA in the elution or flow through.  
 Unsuccessful DIP meant that the conditions for binding Six to the beads had to be 
optimized and therefore we tried a modified pull down assay to test of nickel beads were 
able to pull down Six or bind to it. Pull down assays usually take advantage of the 
interactions of two proteins. The nickel beads bind to the 6x His tag of the Six protein 
and then Six binds another protein. We wanted to test just the initial step of the pull down 
assay and see if the nickel beads were able to rebind to Six just like the affinity 
chromatography purification. If the Six binds to the nickel beads in conditions that mimic 
the gel shift reaction, then it should display binding to the specific DNA fragments during 
purification. The blot in Figure 12B shows the binding of Six to the Ni-NTA beads in 
several different buffers. The first lane of each buffer tested the flow through, which 
contains any excess unbound protein, and the following lane shows the elution from the 
beads. As seen, Six bound and eluted best in NETN buffer. Therefore, the Six+DNA+Ni-
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NTA pull down was tried with gentler types of NETN buffer to mimic the binding buffer 
in the gel shift assay.  Changes included replacing β-ME detergent with DTT or the KCl 
was substituted with NaCl. The resulting Western blot only showed the protein in the 
unbound fraction (data not shown).  
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Figure 12: Immunoprecipitation and pull down assay with Six. (A) The Western blot has 
the supernatant (flow through) and eluent of each control and IP experiment. The arrows 
indicate teh heavy chain (HC) and light chain (LC) of the anti-His antibody. (B) Six pull 
down with Ni-NTA resin using different buffer conditions. SOD is used as a control.  
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Superoxide Dismutase 6 
 This project was initiated to provide our collaborators at Harvard, the Fichorova 
group, with a recombinant SOD to test in a vaginal explant. Dr. Raina Fichorova studies 
women’s reproductive biology in the OB/GYN department at Harvard Medical School. 
She has developed vaginal, endocervical, and ectocervical cell lines that can be used to 
study the interactions between chemicals and the vaginal immune cells as well as the 
vaginal microbiome (Fichorova et al., 1997, 2013). Therefore, the effects of the purified 
SOD can be used to display its role and interactions in vaginal immunity responses by the 
vaginal epithelial cells. In a related study, it was found that epithelial cells may secrete 
chemokines in response to a stressful environment (Brotman et al., 2014). We were 
interested in this concept and thus wanted to examine epithelial cell response to SOD 
treatment.  
We wanted to also explore if SOD can act as a chemoatractant to neutrophils or 
other immune cells as a passive protection against for parasite Trichomonas vaginalis, as 
explored by a similar study with T. foetus (Granger et al., 1997). All of these studies 
required the expression and purification of the superoxide dismutase. The SOD gene was 
cloned into the pQE-80L expression vector and the transformed E. coli cells were 
induced to express SOD. The conditions for purification were then optimized.  
Native purification of recombinant SOD. Primers designed with specific 
restriction enzymes recognition sites were used to amplify SOD. The amplified SOD 
gene was tailed and ligated into the pCR2.1 cloning vector. The mini-prepped plasmid 
DNA grown in bacteria was digested with restriction endonucleases BamHI ans PstI 
because they did not cut the SOD gene and were present in the multiple cloning site of 
the expression vector. The SOD was isolated from the cloning vector and subcloned into 
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the pQE-80L expression vector. The vector contains the 6x His tag so that SOD protein 
can be expressed with the same tag. The histidine tag was placed in the N-terminal of the 
protein and can be used to detect our protein. The expression of SOD was induced in 
BL21 cells and the protein was isolated from the various proteins made by the bacteria.  
Nickel affinity chromatography was used to purify the SOD protein. The Ni-NTA 
resin recognizes the histidine tag on our protein of interest and can be used to separate 
SOD from any other proteins. Since the SOD was needed to be functional through its 
native confirmation, the purification was done under native conditions. The binding of 
the protein to the beads less than optimal: the flow through and washes show a band for 
excess SOD that remained unbound to the saturated nickel beads, while the purified SOD 
protein is present in the 50 mM (Elution 1) and 100 mM elutions (Elution 2) (Figure 13). 
The Coomassie stained gel shows the presence of other proteins in the cell lysate, flow 
through, and washes but the SOD protein is fairly pure in the elutions (Figure 13A). The 
anti-His probed Western blot confirms the identity of the major protein in Elutions 1 and 
2 as SOD, with the correct molecular weight of approximately 22 kDa. This purified 
protein was also recognized by an anti-SODB antibody (data not shown). Bradford assay 
of the purified SOD revealed a concentration of 2.017 µg/µL. The SOD protein was 
further purified to remove any endotoxins and then sent off to our collaborators at 
Harvard.  
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Figure 13. Native purification of the SOD protein. (A) Coomassie stained SDS-PAGE gel 
with the cell lysate, flow thorugh, and washes showing various expressed proteins. 
Isolation of SOD is displayed by the 22 kDa band. (B) Western blot probed with anti-His 
to confirm the purification of the protein.  
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Real-Time PCR analysis of expression of potential chemokines. HeLa cells 
were grown to confluency and treated with either endotoxin free thioredoxin reductase or 
superoxide dismutase 6. The cells from each treatment were collected and the RNA was 
extracted. Following a reverse transcription, the resulting cDNAs were analyzed with 
real-time PCR. The cDNAs were amplified using the primers for IL-8, CXCL-10, CCL-5, 
and CCL-20 genes and the expression was monitored over time. We also collected RNA 
from 2 untreated cells treated with buffer alone, but the data was ignored for the real-time 
analysis due to the presence of high molecular weight DNA in the wells of an agarose 
gel, suggesting DNAse treatment might have failed. Instead, the treated TrxR and SOD6 
cells were compared directly to decide whether expression was modified.  
The resulting real-time data showed the Ct values of each chemokine with TrxR 
and SOD treated cells with a 0.025 threshold value (Table 6). Ct values are smaller 
integers for higher expressing genes and larger for low expressing genes. The ΔCt values 
were calculated by taking the difference between the chemokine gene and the reference 
gene (housekeeping gene), GAPDH. Since GAPDH expression should be unchanged 
with varying environmental changes, it can be used to compare the changes in the 
expression of the chemokine genes with different treatments. The ΔΔCt values were 
obtained by subtracting the ΔCt values of each treatment (TrxR and SOD). This directly 
shows the expression of each chemokine when treated with SOD and TrxR as a control. 
Finally, the last column resembles the fold difference between each treatment. If 
chemokines are expressed at levels similar to or higher in TrxR than SOD, it means the 
SOD treatment does not elicit the cells to express them. Expression of chemokine IL-8 
increased 1.5 fold in SOD versus TrxR treated cells. The expression of CXCL-10, CCL-
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5, CCL-20 decreased in SOD cells. However, the Ct values of CXCL-10, CCL-5, and 
CCL-20 were close to background levels, so the PCR conditions had to be optimized.  
 
 
Table 6: Real-time PCR amplification of various chemokines treated with TrxR or SOD6. 
GAPDH was used as reference gene and its expression was used as a baseline to compare 
the expression of the chemokines. Ct values were obtained from the real-time PCR 
amplification. The calculated fold differences were used for the expression comparisons. 
 
Chemokine Treatment Avg. Ct 
Avg. ΔCt  
(chemokine-
GAPDH) 
ΔΔCt 
(TrxR-
SOD) 
Fold 
difference 
(2-ΔΔCt) 
IL-8 TrxR 1 26.605 
9.45975 
-0.5845 1.499519 
IL-8 TrxR 2 22.9855 
IL-8 SOD 1 22.9205 
8.87525 
IL-8 SOD 2 24.8815 
CCL-5 TrxR 1 31.6415 
14.788 
1.34475 0.393722 
CCL-5 TrxR 2 28.6055 
CCL-5 SOD 1 30.504 
16.13275 
CCL-5 SOD 2 31.813 
CCL-20 TrxR 1 31.6615 
15.04825 
2.118 0.230366 
CCL-20 TrxR 2 29.106 
CCL-20 SOD 1 32.7045 
17.16625 
CCL-20 SOD 2 31.6795 
CXCL-10 TrxR 1 30.919 
14.51225 
0.93125 0.524404 
CXCL-10 TrxR 2 28.7765 
CXCL-10 SOD 1 28.9975 
15.4435 
CXCL-10 SOD 2 31.941 
GAPDH TrxR 1 17.5865 
------ 
------ ------ 
GAPDH TrxR 2 13.0845 
GAPDH SOD 1 14.796 
------ 
GAPDH SOD 2 15.2555 
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The real-time PCR data was problematic because of abnormally high GAPDH 
levels in the reaction. While there was indication that IL-8 levels were increasing upon 
SOD treatment, we were concerned about the validity of the data and therefore wanted to 
confirm the results using other methods. First, some of the reaction end products from the 
real-time were examined to check if the Ct values would match the amplification on a 
DNA gel (data not shown). The results from this gel showed an enormous amount of high 
molecular weight DNA in the GAPDH sample, which in return explains the abnormal Ct 
values for those samples. In addition, there did appear to be higher levels of expression 
for IL-8 in SOD treated samples compared to TrxR treated samples. To test the validity 
of our qPCR results, we used RT-PCR and agarose gel electrophoresis.  
The second method that was used was to test the amplification at an early cycle 
set. Since the timing of each amplification varies, it may be that one chemokine 
amplification can occur faster than another, but the end result after 35-40 cycles would 
produce the same amount of DNA at the end of the reaction. Therefore, cDNAs of each 
treatment were used to amplify each chemokine at 28 cycles, which we hoped was still in 
the linear range of amplification but could show differences in the rate of amplification. 
In addition, the melting temperature for the amplification of CCL-5 and CCL-20 were 
lowered to 57°C to improve amplification efficiency. The PCR products were run on an 
agarose gel and can be seen in Figure 14. Lanes 1-5 contains the amplification of IL-8 
and 6-10 are the GAPDH controls. cDNAs of chemokines CXCL-10, CCL-5, and CCL-
20 were also amplified but no amplification was observed. Nevertheless, Lane 1 and 2 are 
the TrxR1 and TrxR2 treated cells amplifying IL-8. The expression of IL-8 is not seen for 
TrxR and the bottom bands are just primer dimers. Lane 3 and 4 for the SOD6 1 and 
SOD6 2 treated cells do indeed show the expression for Il-8 at 245 bp. Lane 5 and 10 are 
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negative controls containing no template. Lane 6, GAPDH TrxR1; Lane 7, GAPDH 
TrxR2; Lane 8, GAPDH SOD6 1; and Lane 9, GAPDH SOD6 2 also shows the correct 
band at around 350 bp. Both methods confirm that IL-8 expression is higher in SOD6 
treated cells as compared to the TrxR treated cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Amplification tests of qPCR data. (A) Samples of the end product of the qPCR 
were analyzed using DNA agarose electrophoresis. Chemokine were amplified in the 
various treated cells to test the validity of the qPCR data. (B) IL-8 expression is only seen 
in SOD treated HeLa cells at 245 bp. This expression is absent in TrxR cells. GAPDH 
was used as a positive control and no template as a negative control.  
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Mass spectrometry analysis to find prospective secretomes. Confluent HeLa 
cells were grown in advanced serum-free DMEM media. They were then treated with 
buffer F, buffer F + TrxR, diluted TrxR, diluted TrxR + SOD6. After 24 hour incubation, 
the serum were collected and analyzed with mass spectrometry. First, the results showed 
that the most abundant proteins were the ones that are normally found in the serum. The 
SOD6 treated cells also contained an abundance of TvSOD, which was absent in the 
media of the TrxR cells as expected. These results were inconclusive and therefore a 
target inclusion MS analysis was performed. Trypsinized amino acid sequences of each 
chemokine were fed into the program to target the specific chemokine of interest. The 
results of the second type of analysis also showed no conclusive results, likely due to the 
presence of overwhelming levels of serum proteins.  
Scratch test assays for testing the chemoattractant ability of SOD. To test 
whether SOD may act as a neutrophil chemoattractant, murine macrophages (RAW 
264.7) were grown as a monolayer. Three scratches in a straight line were made in each 
well and a reference point was made on each line. Images using a microscope were taken 
of the untreated scratches. Equal concentrations of the purified endotoxin free SOD6 and 
TrxR were added to separate plates. Pictures of the each scratch were taken at 4 hours, 19 
hours, and 26 hours. The reference point was used as a landmark for locating the exact 
point of the scratch to compare the results. Using ImageJ, the width of each starch was 
measured and recorded.  
The widths of the scratches from the SOD treated cells were decreased in length 
over time (Table 7). The average change from the original scratch was about 22%. The 
scratch widths were relatively similar in each time the images were taken. There was a 
slight decrease at an average of 10%. The images showing this decrease are outlined in 
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Figure 15. SOD treated cells in the t=26 image can be seen to have migrated or divided 
into the scratch. The scratch width is the relatively the same in the TrxR image. Not only 
were the widths different, but more of the SOD treated cells were migrating into the 
scratch than the TrxR cells. Images and some data for t=4 is not shown because the 
change was insignificant or was similar to the original.  
 The same experiment was repeated to confirm the accuracy of the measurement 
and indeed SOD scratch widths decreased 24% as compared to the 12% in TrxR treated 
cells. A T-test showed that these results were significant (P=0.022). Also, the cells were 
grown on an ECM matrix to mimic the epithelial cell environment but the cells were not 
adherent to the matrix. Therefore, the scratch test assay was not performed using the 
Matrigel. To test whether the decrease in the scratches were a result of migration or cell 
division, the macrophages were grown in Advanced serum-free DMEM media. The cells 
did not grow well in the media. The same assay was performed on these cells in serum-
free media and the results in Table 8 show changes in SOD and TrxR treated cells. The 
average change in the SOD cells was 15% and 11% for the TrxR. Although there was a 
less of a difference, it was still statistically significant (P=0.023). We could not conclude 
whether growth was affecting the migration data or serum-free media was affecting these 
results.  
 Furthermore, the scratch test assay was repeated once more but with double the 
amounts from the original two tests. Table 9 and Figure 17 show the width changes in 
these cell scratches. This did not change the results in any appreciable levels.  
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Table 7: Scratch Test Assay width changes of cells treated with SOD6 and TrxR grown 
in DMEM. The width of scratches was recorded at different time points. t=4 for trial 2 
was not recorded due to insignificant changes.  
 
 
 
 
 
 
 
 
 
Width	of	
Scratch
Percent 
similarity
Change	
from		
original
Avg. 
Change
Width	of	
Scratch
Percent 
similarity
Change	
from		
original
Avg. 
Change
A1 0 214 232
A1 4 204 ----
A1 19 180 174
A1 26 166 160
A2 0 198 338
A2 4 194 252
A2 19 146 ----
A2 26 145 260
A3 0 314 302
A3 4 311 ----
A3 19 280 246
A3 26 261 242
B1 0 170 252
B1 4 188 ----
B1 19 154 220
B1 26 156 228
B2 0 263 310
B2 4 264 ----
B2 19 240 270
B2 26 232 264
B3 0 256 204
B3 4 260 ----
B3 19 242 176
B3 26 232 180
85.2% 14.8%
88.2% 11.8%
Treat-
ment Sample
Time	
(hours)
69.0% 31.0%
24.7%76.9% 23.1%
80.1% 19.9%
90.5% 9.5%
12.0%
Trial	1 Trial	2
TrxR 91.8% 8.2%
9.8%TrxR 88.2% 11.8%
TrxR 90.6% 9.4%
SOD	6 77.6% 22.4%
22.0%SOD	6 73.2% 26.8%
SOD	6 83.1% 16.9%
SOD 1 
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Figure 15: Scratch test images of murine macrophages grown in DMEM. (A) SOD 
treated and (B) TrxR treated cells shown over t=0, t=19, t=26 hours. t=4 images are not 
shown. The yellow lines on t=26 panels depict the original width at t=0. New widths are 
displayed in red. SOD treated cell scratch width decreased over time.  
 
t=19 
SOD 1 
t=26 
t=26 t=26 
t=19 t=19 
t=0 t=0 
SOD 6 TrxR 
A B 
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Table 8: Scratch Test Assay width changes for SOD6 and TrxR treated cells grown in 
Advanced serum-free DMEM media.  
 
Treatment	 Sample	 Time	(hours)	
Width	
of	
Scratch	
Percent 
similarity 
Change	
from		
original	
Avg.  
Change 
SOD	6	
A1	 0	 240	
82.9%	 17.1%	
15.1%	
A1	 19	 204	
A1	 26	 199	
SOD	6	
A2	 0	 412	
86.2%	 13.8%	A2	 19	 360	
A2	 26	 355	
SOD	6	
A3 0	 236	
85.6%	 14.4%	A3 19	 188	
A3 26	 202	
TrxR 
B1 0	 202	
90.1%	 9.9%	
11.2%	
B1 19	 174	
B1 26	 182	
TrxR 
B2 0	 210	
87.1%	 12.9%	B2 19	 178	
B2 26	 183	
TrxR 
B3 0	 238	
89.1%	 10.9%	B3 19	 214	
B3 26	 212	
 
 
 
 
 
 
 
 
94 
 
Table 9: Width changes of scratches from marcophages doubly treated with SOD or 
TrxR.  
 
Treatment	 Sample	 Time	(hours)	
Width	
of	
Scratch	
Percent 
similarity 
Change	
from		
original	
Avg 
Change 
SOD	6	
A1	 0	 272	
82.4%	 17.6%	
18.9%	
A1	 19	 254	
A1	 26	 224	
SOD	6	
A2	 0	 292	
75.0%	 25.0%	A2	 19	 252	
A2	 26	 219	
SOD	6	
A3 0	 332	
85.8%	 14.2%	A3 19	 300	
A3 26	 285	
TrxR 
B1 0	 329	
90.3%	 9.7%	
10.8%	
B1 19	 312	
B1 26	 297	
TrxR 
B2 0	 339	
87.9%	 12.1%	B2 19	 321	
B2 26	 298	
TrxR 
B3 0	 239	
89.5%	 10.5%	B3 19	 225	
B3 26	 214	
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Chapter 4: Discussion 
Six Transcription Factor 
 The evolution of the metazoan multicellularity genetic toolkit can be traced using 
one of the oldest living lineages of organisms of the animal kingdom, the sponges. With 
their relatively simple body plan but complex genome, sponges can be used to study the 
evolution of the gene regulatory networks and their role in the development of sensory 
systems.  In this study, the Pax and Six gene network present in sponges was used to 
better understand the role of these functionally overlapping genes. Specifically, the PaxB 
and Six1/2 genes from the freshwater sponge, Ephydatia muelleri, were studied to 
evaluate the predicted relationship between these transcription factors and their 
recognized DNA target sequences.  
 The preliminary step for this study required the purification of a functional Six 
protein. This was achieved through expression and induction of the Six protein in bacteria 
followed by nickel affinity chromatography to purify the protein in native conditions. 
Initially, the purifications were unsuccessful and various native and denaturing conditions 
were tested. The flow through retained the 52 kDa Six protein because the protein was 
unable to bind to the beads. With repeated experiments, it was discovered that the protein 
required longer incubation times with the nickel beads to optimize its binding. This could 
be the result of the 6xHis tag being inserted at the N terminal instead of the C terminal, 
which might be best for use in identifying or purifying the protein. It could also mean that 
the structure of the protein was hindering the binding to the nickel beads so more 
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incubation time was necessary. Overall, Elution 3 containing 150mM imidazole was able 
to elute the ~50 kD Six protein at the highest concentration, although the Coomassie 
showed a number of other proteins. The Western blot identified the only protein in the 
150mM elution with the 6xHis tag as the Six protein. Later elutions showed a degraded 
version of the Six protein.  
 To test the functionality of the purified Six and to find its potential downstream 
targets, gel shift assays were performed. The DNA fragments used as possible recognized 
binding sequences were from the PaxB promoter. The exact sequence of the promoter site 
is unknown in sponges so an estimate of the site was used to amplify regions near the 
prospective promoter. Of the three fragments, EmSix1/2 recognizes 81F, SR and 270F, 
173R as the enhancer or repressor sequences to regulate the transcription of the EmPaxB 
gene. In the Rivera et al. study it was concluded that the PaxB transcription factor 
regulated the expression of Six, but our work confirms that a PS network is present in 
sponges and that the Pax and Six genes likely interact to regulate the expression of each 
other. We don’t yet know if Six may act as a transcription factor to increase or decrease 
the transcription of the Pax gene. 
 We wanted to further confirm the relationship between Pax and Six by first 
conducting an IP, then a co-IP, and finally do a ChIP-sequencing analysis. We started 
with a simple immunopercipitation, but the anti-His antibody was unable to precipitate 
the Six along with the protein-G sepharose beads. This just meant that the binding 
conditions were not optimal for such an interaction, which we had suspected from the 
purification results. In order to improve binding, we proceeded to test the best buffer 
conditions for the binding of the Six protein to the nickel beads using a modified pull-
down assay. Commonly, in such an assay one protein is allowed to interact with another 
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and the complex is pulled with beads recognizing a specific tag. In this case, we did not 
want to test the interaction of Six with another protein but instead used the pull to 
precipitate just the protein and beads in different buffer conditions. The optimal buffer for 
the pull of Six was the NETN buffer due to its power of successfully eluting the Six 
protein. This buffer would be too harsh to substitute the binding buffer in a gel shift like 
reaction. That is why we tried different substitutions of the NETN buffer to replace and 
accommodate components of the binding buffer. The NETN buffer with the use of DTT 
instead of the beta-mercaptoethanol was the best option as concluded from a pull.  
 We wanted to use the optimized buffer conditions to perform a ChIP-seq, but 
since the ChIP required shearing and extracting DNA from a tissue sample or from cells 
we instead did a DIP. The DIP technique uses naked DNA and purified protein and 
sequencing to find the potential targets of a transcription factor. One of the positive DNA 
fragments recognized by Six was used in the DIP. The Six and DNA complex was cross-
linked to ensure that the complex stayed together once it was formed. Unfortunately, the 
DIP did not show any positive results for the presence of bands in the Western blot. For 
future experiments, the DIP-seq or ChIP seq binding conditions for Six need to be further 
enhanced to obtain positive results. An anti-Six antibody could be generated for even 
better IP results (including co-IP, DIP, and ChIP). Given that this antibody is specific for 
a much larger portion of the protein, it can directly recognize the Six protein instead of 
relying on the 6xHis tag.  
 In conclusion, the recombinant Six was able to bind to two enhancer or repressor 
sequences in the PaxB promoter region. This further confirms the fact that Six regulates 
the expression of the PaxB gene in the PS network in sponges. Though the precipitation 
of Six alone was successful in NETN buffer using the pull down assay. Any form of 
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immunopercipitation (IP or DIP) was not able to precipitate the Six and DNA fragment 
alone. In future experiments, the usage of an anti-Six antibody would be a reliable way of 
precipitating Six and its potential DNA targets. These targets can be sequenced to verify 
the recognition sites of Six in sponges. Furthermore, it is important to discover whether 
the identified DNA fragments in the gel shift are enhancer or repressor sequences. Most 
likely, it can be assumed that they are enhancer sequences because they can increase the 
expression of Pax, but it still needs to be confirmed. Once the PS network is identified 
properly and its functions are elucidated in sponges, the results can be applied to the 
PSED network in bilaterians. This could give clues into the origin of the cellular 
mechanisms in metazoan multicellularity and can help analyze pathways with defective 
mechanism that give rise to diseases.   
 
 
 
 
 
 
 
 
 
 
99 
 
Superoxide Dismutase  
Trichomoniasis is a disease caused by the parasite Trichomonas vaginalis. The 
parasite colonizes the host vaginal epithelium and feeds on bacterial cells and vaginal 
secretions. It has also developed ways to counter some of the attacks made by the host 
immune response. One such mechanism is the protective role of the superoxide dismutase 
enzyme. This enzyme helps breakdown harmful reactive oxygen species secreted by 
attacking immune cells. Interestingly, it was discovered that SOD may act as neutrophil 
chemotactic factor in the related parasite, Tritrichomonas foetus. The parasite may 
release high amounts of SOD after it faces the first casualties. This release of the enzyme 
may help protect the neighboring parasites from reactive oxygen species. With evolution, 
the immune system may have developed a response to this high quantity of SOD. The 
release may be so robust that the immune system responds to it as a signal for recruiting 
more neutrophils to the site of infection.  
We wanted to explore if a similar function was present during human trichomonas 
infection. Since human neutrophils were not available, the scratch tests were performed 
with mouse macrophages. We grew mouse macrophages to a monolayer and performed 
different trials of the scratch test assay. Scratch widths of cells grown in DMEM and 
treated with TrxR or SOD decreased, but the decrease was greater in SOD6 treated cells. 
The cells were also grown in serum-free DMEM, in which growth factors are absent. In 
this experiment we saw a significant difference between the two treatments, indicating 
that the cells were migrating and not just dividing. The width decrease was not solely a 
result of cell division but also cell migration. This experiment suggests that SOD is 
indeed a mouse macrophage chemoattractant. Many trichmoinasis studies are performed 
in mouse models and the scratch test assay may still be indicative of a similar function in 
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humans. For future experiments, we want to perform chemotaxis assays using human 
neutrophils. This will allow us to confirm our results from this experiment.  
Besides the role of SOD as a NCF, we wanted to explore its effects in a vaginal 
explant. Our collaborators at Harvard have a co-culture of three different cell lines 
(endocervical, ectocervical, and vaginal) along with a bacterial fauna. It was found that if 
T. vaginalis or its proteins are added to the explant, then the cells may secrete 
chemokines as a response. To collect preliminary data, we wanted to study how the 
vaginal cells will respond with the addition of SOD. We grew endocervical HeLa cells 
and treated them with SOD and a negative control (TrxR). A concentration 10ug/uL of 
both endotoxin proteins was used for the treatment and was based on the T. foetus study 
results. We collected both the cells and the media (cells grown in serum-free media) from 
the treated cells. We analyzed the media with mass spectrometry but the results were 
inconclusive due to the presence of large quantities of serum proteins.  
We analyzed the changes in cell expression of chemokines from the collected 
cells using RT-PCR to measure transcription levels. The RNA from the treated cells was 
extracted and reverse transcribed to obtain cDNA. The cDNAs were analyzed with 28 
cycles of amplification to see expression in the middle of the amplification. We found 
that the IL-8 chemokine was expressed in SOD treated cells but not in the TrxR treated 
cells. The expression was compared to GAPDH levels which were relatively similar. For 
future experiments, the cells can be analyzed using mass spectrometry to analyze the up-
regulation of proteins. To analyze the secretion of cytokines, serum free media needs to 
be used instead of the reduced serum media we tried. We would also want to confirm our 
data with our Harvard collaborators. 
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